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ABSTRACT 
 
The prospect of ultra-sensitive detection of molecular species, particularly those of 
energetic materials, has prompted the present research initiative. The combination of 
metal surface nano-technology and Raman spectroscopy has given rise to ‘Surface 
Enhanced Raman Spectroscopy’ (SERS). This is a very sensitive technique and has 
proved to be capable of detecting a single molecule.  
 
SERS was demonstrated by recording Raman spectra of the sample molecules adsorbed 
on various specially prepared SER-active surfaces both in the form of a colloidal 
suspension and on the solid roughened surfaces. Using a gold colloidal suspension, 
pyridine has been detected down to 10-11 molar (M) concentration. A silver slab was 
roughened to a dimension of a nano-scale by etching in nitric acid solution to make 
SER-active surface. Pentaerythritol Tetranitrate (PETN) explosive was detected using 
this surface after its 10-2 M solution was dropped, dried and washed (of any residue) 
from the surface. Lithographically engineered silver structures in the form of nano-
arrays having a number of silver structures of approximately 106 in a region of 0.1 mm2 
have been used for SERS. The major noise contribution to the scattering from 
impurities in an ordinary glass substrate has been eliminated by replacing glasses as 
substrates with pure quartz discs. The headspace vapours from peroxide explosives, 
Triacetone Triperoxide (TATP) and Hexamethylene Triperoxide Diamine (HMTD), 
were detected at approximately 70 parts per million (ppm) and 0.3 ppm concentrations 
respectively using a portable commercial Raman Spectrometer. PETN was also detected 
from its headspace vapour at about 18 parts per trillion (ppt) in spite of it having a much 
lower vapour pressure.  
 
The possibility of desorption of adsorbed molecules from a nano-structured surface by 
laser irradiation has been demonstrated experimentally with the aim of reusability of 
SER-active surfaces. Also demonstrated was the enhancement in Raman intensity 
through resonance Raman effect spectroscopy for the future use in surface enhanced 
resonance Raman spectroscopy (SERRS). 
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1 INTRODUCTION 
 
 
1.1 Rationale 
There has been a sudden upsurge in the development of techniques and methods for the 
detection of energetic materials. This has been triggered by the onset of asymmetric 
warfare all over the world. Whereas explosive detection has become more challenging 
at airports, it has become equally vital to deploy a versatile Explosive Detection System 
(EDS) virtually at every security checkpoint, like entrances to public and government 
buildings, public transport accesses, and entertainment places etc. There are a number of 
systems available many of which are based on state of the art technologies, but each due 
to its unique limitations cannot be deployed at all the places, either due to the lack of 
cost effectiveness or portability or due to the inability to detect all types of explosives. 
There is no single completely foolproof automated technology currently available for 
effective monitoring of explosive vapour. It has been a constant struggle for the law 
enforcement and security agencies to acquire new techniques and equipment to address 
the problem and thus provide the rationale for the present research. 
 
Raman Spectroscopy is a very powerful analytical technique for molecular analysis that 
allows molecular identification, detection and also its quantification in an environmental 
matrix. Such specific and sensitive molecular analysis is of great scientific and practical 
importance in many fields of modern technology. For instance in environmental studies, 
pharmaceutical and biological studies, forensic archaeology, law enforcement for 
detection of chemical, biological and explosive materials and so on. In fact, in all the 
areas of research where molecular investigations are required, Raman spectroscopy has 
proved extremely useful. Raman spectra are so specific that chemical identification is 
possible by using a search algorithm against digital databases.  
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However, advantages afforded by the specificity and high spectral purity of Raman lines 
are traded off by low cross-section (efficiency) of the Raman scattering process. In 
normal Raman scattering processes in the visible wavelength band, one Raman scattered 
photon is produced for approximately 10 million incident photons compared to only 
about 10 thousand incident photons that generate one Rayleigh scattered photon.  This 
drawback can be overcome, to an extent, by excitation at a wavelength close to the 
isolated adsorption lines of the molecule, known as near-resonance excitation that 
provides a few orders of magnitude enhancement in Raman cross-section. However, not 
all molecules exhibit resonance enhancement and despite such excitation, the sensitivity 
of the Raman scattering process is not high enough for effective application in real 
world detection of trace contaminants of energetic materials. 
 
Surface enhanced Raman spectroscopy (SERS) has been known to provide a method for 
very sensitive detection of molecular species and in some cases detection of single 
molecule has been reported. This emerging technology promises to provide the 
sensitivity needed for practical applications in the field of explosive detection. Reported 
results have shown that the technology has the capability to detect explosives vapour at 
very low concentrations. It is, therefore, considered feasible to use a field portable 
Raman spectrometer to detect explosives adsorbed on specially fabricated surfaces in a 
matter of seconds without the need for extended data analysis or background 
subtraction. Once the surface is ready, it can simply be exposed to the explosive vapour 
under normal laboratory environment and analysed without further sample preparation. 
Therefore, the technique has the potential not only for the ultra-sensitive detection but 
also for real time monitoring of energetic materials.  
 
The explosives selected for our experiments are difficult to detect by ordinary detection 
techniques due to unusual structures or very low vapour pressures. Triacetone 
Triperoxide (TATP) is nitrogen free unlike other explosives and is undetected by most 
of the existing EDS that rely on nitrogen-oxygen contents for detection. Hexamethylene 
Triperoxide Diamine (HMTD) molecule has two nitrogen atoms but in a complex 
configuration that is again unlike a typical explosive. Both these explosives, due to their 
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simple preparation from household materials and high explosive properties, have been 
recently used for various terrorist activities. These peroxide explosives were detected by 
their headspace vapour concentration of about 70 parts per million (ppm) and 0.3 ppm 
respectively. Pentaerythritol Tetranitrate (PETN), although a typical explosive, has a 
very low vapour pressure that makes it difficult to detect. It was also detected by its 
headspace vapour concentration of around 18 parts per trillion (ppt). Detection at these 
concentrations in a matter of few seconds (mostly within 10 seconds) by portable 
equipment without the need of sample preparation or long time data analysis has shown 
the potential of surface enhanced Raman spectroscopy in the field of explosive detection 
for organisations responsible for security, forensics as well as for advanced research. 
 
1.2 Background 
Raman Spectroscopy is an essential tool in the field of analytical chemistry. The Raman 
effect was first predicted by Smekal in 1923 but first observed by C.V. Raman in 1928. 
The advancement has been tremendous in this field of technology since that time, which 
is clear by comparing original Raman equipment with most modern one in figure 1.1. 
Raman Spectroscopy has always intrigued scientists for its potential as a very powerful 
analytical technique. Work to exploit its potential in variety of applications has resulted 
in rapid development in both theory and hardware.  
 
Phenomenologically, the Raman scattering process is explained as follows: 
When the light interacts with molecules and distorts the electron cloud around the nuclei 
it forms a transitory, i.e. an extremely short-lived, state called, ‘virtual state’. This may 
or may not influence nuclear motion. If only the electron cloud is distorted the photons 
will be scattered with no frequency change and the process is called elastic scattering 
(Rayleigh scattering) which is the dominant process. However if nuclear motion is 
affected during the scattering process there will be transfer of energy and therefore a 
change in frequency will occur. The process will be inelastic and the scattering process 
is called Raman scattering. There are few photons (approximately 1 in 107) that undergo 
a change in wavelength and typically the intensity of Raman scattering is 10-8 of the 
intensity of the incident radiation. The scattering occurs with the changes in the 
vibrational and rotational energies of the molecule. 
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Figure 1.1  C.V. Raman’s equipment (a) and spectrum of CCl4  taken in 1923 (b). A 
modern Raman microscope (c) and Raman spectrum of CCl4 recorded 
with it (d). 
 
The whole effect is best understood by the energy level diagram in figure 1.2, in which 
it is shown that the ‘Stokes scattering’ occurs when the incident light has higher photon 
energy than that of the scattered light and vice versa for the ‘anti-Stokes scattering’. 
Stokes scattering is much more intense than anti-Stokes because for the latter to occur 
the molecules have to be in a vibrationally excited state. Usually the Raman spectrum is 
recorded at a low energy level to give Stokes scatterings. 
 
b 
c d 
a 
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Figure 1.2 Schematic representation of Rayleigh and Raman scattering process. 
 
A Raman spectrum is composed of a plot of Raman shift versus the intensity of the 
scattered radiation. A diatomic molecule can have one vibrational mode as it has only 
one degree of freedom, but in molecules where there are more degrees of freedom there 
are more vibrational modes. For a molecule with N atoms, the vibrational degree of 
freedom i.e. the number of fundamental vibrational modes, will be given as n = 3N-6 
for a non-linear molecule (like water) and n = 3N-5 for linear molecules (like carbon 
dioxide). Each mode gives a characteristic shift in frequency (called characteristic group 
frequencies). In practice, in any inelastic interaction process, there will be more Raman 
lines than the fundamental modes due to the overtones and combination modes. 
Therefore, every molecule (in isolation or in abundance) would give a unique 
vibrational spectrum depending upon its composition and the selectivity of the Raman 
transitions governed by complex symmetry rules. This makes Raman spectroscopy a 
molecular or molecular site-specific analytical technique.  
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1.3 Recent Breakthroughs in Raman Spectroscopy  
The limitations of the applicability of Raman spectroscopy is imposed mainly by two 
factors; comparatively high background fluorescence and relatively very low signal 
intensity. Fluorescence can be effectively minimised by a host of modern techniques 
and data processors, and is discussed later. The low sensitivity is mainly due to the 
extremely small cross section for Raman scattering, typically 10-30-10-25 cm2/molecule, 
and the larger values occurring only under favourable resonance Raman conditions. 
Such small Raman cross sections require a large number of molecules to achieve 
adequate conversion rates from excitation laser photons to Raman photons, thereby 
precluding the use of Raman spectroscopy as a method for highly sensitive 
measurements. Recent development in the field are mainly aimed at increasing the 
sensitivity and have led to development of more complex and sophisticated techniques 
like Resonance Raman Spectroscopy (RRS), FT Raman Spectroscopy (FTR), Surface 
Enhanced Raman Spectroscopy (SERS) and Surface Enhanced Resonance Raman 
spectroscopy (SERRS). Each of these offers specific advantages which are discussed in 
the next chapter. Although these techniques are being used widely, still there is a lot to 
be explained both on theoretical aspects as well as its practical manifestation.  
 
Sensitivity or the limit of detection in Raman analysis is parameterised by signal-to-
noise ratio (S/N). The comparatively small Raman cross section means small S/N, 
therefore very high limit of detection. In the last decade or so there has been a 
technological revolution of solutions to drastically increase the S/N for a given sample 
concentration. Introduction of multi-channel and multiplex techniques has been a result 
of such efforts. Raman systems have been developed to use longer wavelength 
excitation lasers as well as low noise Charge Coupled Devices (CCD) detectors to 
reduce background noise as the multi-channel gives rise to little fluorescence noise. 
More sophisticated techniques like SERS, RRS and SERRS are mainly developed for 
increasing the Raman signal strength. An enhancement in Raman intensity of up to 104 
has been achieved using resonance Raman spectroscopy (RRS) and of 108 using SERS. 
The RRS involves using a laser line close to the absorption region (electronic transition) 
for the target molecule where the effect of resonance enhances the Raman signal many 
folds. On the other hand, in SERS the target molecules are allowed to be adsorbed on 
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highly polarisable surfaces of coinage metals (gold, silver, copper) roughened at the 
nano-metric scale, (usually less than the wavelength of incident light) which, due to a 
combination of charge transfer (CT) and electromagnetic (EM) effects, results in 
enhancement in Raman intensity up to hundred million times. Detection of a single 
molecule has also become possible with SERS which makes it the most sensitive 
detection tool available for analysts. These techniques will be the focus of the research 
and will be discussed in further detail in Chapter 2. 
 
1.4 Viability of Raman spectroscopy as an explosive detection technique 
It has been a constant struggle for the law enforcement and security agencies to acquire 
new techniques and equipment to thwart off the terrorist threat of chemical, biological 
and explosive attack. It is becoming more and more challenging to detect every type of 
explosive at all sensitive locations which demands more comprehensive methods of 
explosive detection to be developed.  Explosive detection methods currently in use 
range from simple portable devices to highly sophisticated screening devices. At present 
a single analytical technique or device is not capable of addressing all explosive 
detection under a myriad of conditions which has again boosted the efforts to search for 
newer, more sensitive and versatile detection techniques. 
 
Much research and development has also been done in developing reliable explosive 
detection and identification system based on Raman spectroscopy. Its main advantage 
being a very high specificity in which the molecules are identified by their characteristic 
vibrational frequencies in a complex matrix of gas, liquid or solid states with no or very 
little sample preparations in a matter of a few seconds. Use of fibre optics for Raman 
spectroscopy to reach areas inaccessible to other analytical methods is a major 
advantage. Comprehensive spectral information of known chemicals, including 
explosives, has been compiled which can be stored as a data base in the computer 
controlling the Raman Spectrometer. The whole system is capable of automation in 
which a Raman spectrum of unknown chemical is instantly compared with the stored 
‘finger print’ to give a positive identification. Raman spectroscopy is useful in 
explosives analysis even in sealed transparent containers where it is possible to expose 
the sample in bulk to a laser and collect the scattered light. But for a well concealed 
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explosive having very low vapour pressure, the low sensitivity associated with Raman 
spectroscopy makes it less likely to be detected even with the most modern of Raman 
instruments. 
  
The breakthrough in molecular analysis has taken place with the development of surface 
enhanced Raman spectroscopy (SERS), as it is now possible to overcome the inherent 
problem of low sensitivity. Although more than 5000 papers have been published on 
SERS since its discovery 28 years ago, its underlying principle is still not fully 
understood. However despite this drawback, with further development in nano-
technology of metal surfaces and Raman instrumentation, the prospects of sensitive 
optical detection of explosives are bright.  
 
Compared to other detection techniques, SERS seems to have better prospects in terms 
of sensitivity, selectivity, portability and cost effectiveness. The source (light) has 
negligible hazard value and is much cheaper in comparison to those used in some of the 
nuclear and X ray based techniques widely deployed presently. The combination of high 
sensitivity of surface enhancement and selectivity attributed to Raman means that the 
signal should be able to detect extremely low quantities of explosives (single molecule 
detection) with negligible false alarms. The system also offers prospects of a portable 
EDS which would be relatively easy and economical to be deployed at a variety of 
security stations. The combinational arrangement in parallel or in line with other EDS is 
also possible. 
 
1.5 Goals and Objectives 
SERS has already been accepted as a versatile and effective technique under 
development for chemical analysis. Raman instruments are fast becoming smaller and 
economical. Advances in nano-science have solved many problems encountered in 
SER-active surface preparation and its interaction with the target chemical entity. 
Research into the theory and practice of SERS may open new research avenues, not 
only in the field of explosive detection but also in wider aspects of chemical and 
biological analysis.  
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In this thesis an effort is made to evaluate the potential of Raman spectroscopy to 
achieve ultra-sensitive detection limits for explosive in real time. The detection of novel 
explosives (peroxide based; TATP and HMTD) and of that with a very low vapour 
pressure (PETN) is attempted at trace level. The aim is therefore to improve the 
practical understanding of SERS so that economical, reproducible and sufficiently 
stable SER-active surfaces could be developed which would mark a definite progress in 
the development of an EDS based on SERS as well as for many related medical and 
environmental applications. 
 
With the above background, the main objectives set for the research are as follows: 
a. Evaluate and critically review the existing literature on the Raman scattering 
process with a special emphasis on RRS and SERS. 
b. Experimentally verify the enhancement in sensitivity of the Raman process 
with RRS and SERS for sensitive detection of trace molecular species, 
particularly energetic materials. 
 
Within the above theoretical and experimental broad objectives, the detailed tasks are as 
follows: 
a. Critically review up-to-date literature and theory pertaining to SERS and 
evaluate the explanation of SER effect. 
b. Conduct preliminary experiments using well-characterised (Raman 
scattering) samples for the initiation of SERS work. 
c. Undertake the preparation of SER-active surfaces, their characterisation and 
suitability for adsorbing desired chemical species (explosives). 
d. Conduct SERS experiments for trace detection of target species; TATP, 
HMTD and PETN. 
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2 REVIEW OF LITERATURE 
 
 
2.1 Overview 
 
Raman Spectroscopy has always provided chemists with an excellent tool for specific 
molecular characterisation, but physicists, apart from specificity, have more interest in 
the limits of detection; ‘Raman intensity’. Therefore, sensitivity has been the main focus 
of recent developments in Raman spectroscopy and has led to the development of 
advanced techniques supported by sophisticated equipment. Now Raman Spectroscopy 
can promise its usefulness for the detection of energetic materials at limits of detection 
(LOD) comparable or even lower than those afforded by the existing Explosive 
Detection Systems (EDSs).  
 
Non-invasive detection of leaked vapour from highly concealed explosives at check 
points remains a challenging unresolved problem. As terrorists and other potential 
bombers become more sophisticated, both in their choice of explosive materials and in 
the way these materials are procured, transported, and concealed, detection methods 
must be improved concomitantly. Most of the deployed EDSs, based on Gas 
chromatography/Mass spectrometry (GC/MS), Ion mobility spectrometry (IMS), 
Nuclear, X ray etc, have limitations in terms of target specificity, LOD, portability or 
high cost. Many reviews 1-7 have been published to establish their viability and 
usefulness, especially for their capability to meet the future threat. At present no single 
analytical technique or device, let alone a real-time method, is capable of addressing the 
problem of detection of different types of explosives under different circumstances 8. 
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Raman Spectroscopy has been used over the last few decades primarily to provide a 
‘fingerprint’ of the molecular structure, thus permitting qualitative analysis of an 
individual compound. This is done either by direct comparison of the spectrum of a 
known material with that of an unknown one run consecutively or by comparison of the 
spectrum of an unknown compound with a ‘catalogue of reference spectra’. Therefore, 
Raman spectroscopy has found application in a variety of tasks, such as the detection 
and analysis of environmental pollutants in soil, air and water 9, biological 10 and 
chemical agents 11, explosive materials 10, geological materials and skeletal remains/past 
materials 12. 
 
These extraordinary capabilities of Raman spectroscopy has prompted extensive 
research initiatives for ultra-sensitive and versatile detection1 based on such a technique. 
Modern Raman techniques like surface enhanced Raman spectroscopy (SERS) having 
the ability to detect only a few molecules have already attracted attention in the field of 
explosive detection. Although SERS is under active research and development for many 
years now, still much work is needed to develop it into a reliable method for a sensitive 
EDS. Before going into the scope of SERS in the application of explosive detection, the 
overall contribution of Raman spectroscopy so far in this field is reviewed below.  
 
2.2 Explosive detection with Raman Spectroscopy  
Although major advances have taken place in field of Raman spectroscopy, its 
application and scope for explosive detection and identification conducted over a 
decade is still limited. The limitation is imposed primarily by the background 
fluorescence. It is possible to record the Raman spectrum of an explosive in bulk or in a 
mix where the explosive concentration is very high (~1%), but an efficient detector is 
required to detect very low concentrations (ppm - ppb) of explosive in a matrix as laid 
down by Committee on the Review of Existing and Potential Standoff Explosives 
Detection Techniques 8. Although Raman spectroscopy is highly specific and that there 
has been much development in its hardware and software, its limited sensitivity makes 
it less likely as an effective detection system for wide application and commercial use. 
Before getting into the experimental Raman spectroscopy, two major decisions needs to 
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be made; the type of the spectrometer to be used and the suitability of the laser 
(wavelength) for explosive detection. 
 
Multi-channel Vs Multiplex spectroscopy 
The modern systems are being built to utilise the benefits from the multi-channel 
detector affording short analysis time and multiplex (Fourier Transform Raman - FTR) 
spectrometers providing high sensitivity. A multi-channel spectrometer consists of 
multiple detectors capable of detecting multiple wavelengths from the dispersed light 
simultaneously, whereas a multiplex system (FTR) uses a single detector to detect a 
single beam having all the wavelengths (frequency modulated) and analyse each 
wavelength one after the other taking relatively longer time. The merits of the two 
systems have been discussed in publications 9,13. Therefore, the analysis time for a 
multi-channel spectrometer is well within the real time detection limits compared to that 
offered by the FTR spectrometer, and that factor alone overwhelms the other effects in 
which an FTR spectrum may have the advantage, like resolution, spectral coverage, 
signal magnitude and S/N.  
 
With the modern sensitive multi-channel detectors based on charge-coupled device 
(CCD), S/N achieved with 785 nanometers (nm) excitation wavelength was found to be 
similar to that by using Fourier Transform Raman (FTR) system, albeit with much 
longer analysis time. This is due to the fact that germanium (Ge) or indium gallium 
arsenide (InGaAs) detectors used in FTR are relatively noisier. The CCD based detector 
does not perform well at wavelengths above 1064 nm but has been used effectively by 
Lewis et al 14 to record anti-Stokes Raman spectra using Nd:YAG (Neodymium-doped 
yttrium aluminium garnet) laser. However, due to the inherent weakness of anti-Stokes 
Raman lines as compared to Stokes scatterings this process would have much lower 
detection limits. Although one can get good spectra of solid explosives for building 
spectral libraries and sample characterisation with high power 1064 nm (FTR) in 
fluorescence free excitation region, yet the utility of such a system for trace analysis in 
real time is considered to be limited. 
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Laser wavelength selection 
Lewis et al 15 studied Raman spectra of 30 different explosives for three different laser 
excitation wavelengths; 632 nm, 785 nm and 1064 nm. The spectra were recorded using 
explosives in bulk (quantities above 50mg) and concluded that the excitation at longer 
wavelengths (1064-785 nm) gives better signal to noise ratio (S/N).  This is mainly 
because of the fluorescence background noise from the explosives is negligible 14 at 
near infrared (NIR) and infrared (IR) wavelengths, thus giving a good S/N. However for 
this, longer integration time was needed to record a useful spectrum. Therefore, despite 
some improvement in sensitivity, such a system had the big disadvantage of longer 
analysis time, and was not suitable for use at a security portal or for real time 
monitoring.  
 
In the work reported by Haywood 16, 632 nm laser wavelength was used effectively in 
detecting Semtex H (Cyclotrimethylene trinitramine (RDX) based explosive) even in a 
fingerprint residue using a fibre optic probe. Semtex was extremely fluorescent even at 
785 nm excitation 15 and gave a very weak Raman intensity at 632 nm when analysed in 
isolation. In the presence of other fluorescent impurities in real life samples, it is not 
expected to get any useful Raman signal retrievable from the background noise. In a 
recent work Carter et al 17 recorded Raman spectra of PETN, RDX, Trinitrotoluene 
(TNT) and their stimulants (4-8% explosives in silica matrix) at a distance of 50 meters 
using a 532 nm frequency from a doubled Nd:YAG laser in ambient conditions. The 
work was useful for identifying bulk explosives from a safe distance but not practicable 
for vapour detection work because of higher fluorescence 15 as well as the photo-
degradation effect of shorter wavelength laser. The tendency of laser degradation of 
explosives was reported by Carter et al 17 and results have been reproduced in figure 2.1. 
The graph shows the relation of Raman peak intensity and laser power density for the 
explosives RDX and TNT. Raman intensity of RDX started to become stable at a higher 
laser power density of ~3.4 x 106 W/cm2 with no signs of degradation, whereas, TNT 
started to degrade at less than 1 W/cm2 laser power density. The use of high power 
lasers, therefore, has to be avoided when targeting photo/thermal degradable explosives 
or unknown samples that may contain these explosives, as the presence of these may not 
be detected.  
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Figure 2.1 Graph showing effect of laser power density on Raman intensity for 
explosives (reproduced from reference 17). 
 
This effect was more pronounced if the target molecule was in the gas phase (low 
concentration) or in a very small quantity. UV lasers at ~266 nm had been demonstrated 
to provide better Raman intensity and a fluorescence free window with minimum 
chance of sample degradation 9,18,19. It might be useful for laboratory based forensic 
work where the target sample could be separately analysed, but in the real time field 
detection, the usefulness of UV laser was considered limited.  The application of UV 
Raman spectroscopy was also limited to the range of wavelength where materials do not 
absorb radiation to seriously affect Raman spectrum. However, its usefulness in 
resonance Raman spectroscopy (RRS) will be discussed later.  
 
Newer Raman system are based on superior spectrometers, high sensitivity-CCD 
detectors and efficient excitation wavelength blocking filters (holographic, Chevron) 
which, when used with near infrared (IR) diode lasers can give S/N comparable to that 
of FTR. Such systems are cheaper, portable and less complex and hence suitable for 
field use 20. In recent studies by Lewis et al 21,22 different laser lines were used to record 
explosive spectra for comparison. The group concluded that with the available 
technology, working with 785 nm to 830 nm laser lines with CCD detectors gave the 
optimum results. At these wavelengths, only a few explosives gave fluorescence and 
that also was within the acceptable limits. Figure 2.2 shows the relative fluorescence 
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intensities of a few common explosives. The values shown are the ratio of the height of 
the most intense Raman band to the fluorescence background intensity. The bar chart is 
truncated at an arbitrary value of 1.2 and the actual values for the same are shown at the 
top. 
 
 
Figure 2.2 Relative fluorescence intensity of explosives at two different 
wavelengths (reproduced from reference 22). 
   
 
Analysis of these results 22 showed three important factors to be considered while 
selecting the laser wavelength: 
 
1. The fluorescence was not a big problem for most explosives in the near IR 
(NIR) region with the exception of few explosives (Semtex, HNBP and C4) for 
which the 830 nm or higher wavelength could be a preferred option. However, 
UV or visible lasers would present serious background problem for the Raman 
analysis of most, if not all, of these explosive materials.  
 
2. The noise level was less for the 830 nm than for 785 nm laser wavelength.  Both 
quantum efficiency of the detector and the laser power are the sources of such a 
noise. And both are higher for 785 nm than the 830 nm laser wavelength. 
 
Chapter 2 – Review of the Literature 
 16 
3. Sample degradation was also directly related to laser power. RDX started to 
degrade with the power of 18 mW from 785 nm wavelength laser and did not 
degrade even at 50 mW from 830 nm. 
 
Similar work has been done by others 23-34 and some of it related to explosive detection 
with Raman spectroscopy is summarised in appendix A.  
 
Raman spectroscopy, therefore, has many useful aspects with various combinations of 
spectrometers, detectors, lasers etc. when carefully chosen for specific tasks. However, 
to settle down for a single setup best suitable for real time explosive detection would 
have to be carefully decided. Even so, the sensitivity of a normal Raman spectrometer is 
likely to be too poor to be considered as an EDS in spite of the recent advancement in 
equipment. The best a normal Raman spectrometer can do may be the detection of small 
particles of explosive (~1 picogram in mass) 35 by focussing the laser directly onto the 
particle or down to a small percentage by mass (1.5-14%) 20 in a matrix. To be able to 
utilise the specificity afforded by Raman spectroscopy, the sensitivity has to be 
improved by a million or 100 million times, which is only possible by employing 
advanced Raman techniques discussed below. 
 
2.3 Advanced Raman techniques 
2.3.1 State of the art in resonance Raman spectroscopy (RRS) 
Resonance Raman spectra are obtained when the frequency of the incident light comes 
close to that of an isolated electronic transition of the scattering species and Raman 
scattering enhancement of up to 104 has been observed 36. The Raman intensity is 
dependent on the fourth power of the frequency, but in resonant conditions the intensity 
is also dependent on how close is the excitation frequency to that of the frequency of an 
allowed electronic transition. Whenever lasers capable of causing resonance have been 
used, some absorption also took place in addition to scattering, the magnitude of which 
was dependent on the material property and could not be easily predicted 9,13. Resonance 
excitation invariably increased fluorescence and was likely to result in sample 
degradation.  
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Therefore, RRS is unsuitable for most fluorescent (coloured) materials especially in a 
matrix. Much depends upon the relative efficiency of the scattering and fluorescence 
process. UV RRS at around 266 nm has been reported 18,19 to give good Raman 
intensity and negligible fluorescence for non absorbing materials, yet it cannot be 
employed for all materials as this is a zone in which most explosives absorbs. Specific 
electronic information about a molecule could be obtained from the intensities of the 
bands found in resonance excitation 36,37. This makes it a material-specific technique 
and its employment for forensic and explosive detection is limited where the target 
sample is always a complex matrix of different and unknown materials. 
 
It may be a valuable analytical technique for laboratory work, but its applicability as an 
explosive detection technique is presently limited. Development of a portable and 
tuneable UV laser in future may increase the utility in explosive detection. However, its 
importance in combination with surface enhanced resonance Raman spectroscopy 
(SERRS), where fluorescence is completely quenched, appears to offer the best prospect 
for explosive detection in trace concentrations such as those that may escape as vapour 
from concealment.   
 
2.3.2 State of the Art in SERS 
The discovery of SERS twenty eight years ago paved the way to addressing the problem 
of lack of sensitivity in Raman spectroscopy and according to a survey 38 more than 
5000 papers have already been published on the subject. The basic understanding of 
SERS is clearly a very important development in the study of surface chemistry and 
surface physics. The combination of molecular information and extraordinary 
sensitivity provides a valuable probe for surface structure and behaviour analysis 12. 
SERS has been found to give an enhancement of up to 106 in scattering efficiency (more 
in some cases) over normal Raman scattering 13. Therefore, it may be used as an in-situ 
and ultra-sensitive analytical technique that can provide detailed structural information 
and orientation of molecules on the surface 9. The application of SERS has been widely 
recognised in chemical, biological and environmental analysis 10,11,39.  
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SERS mechanism 
SERS mechanism has been discussed in many publications 9,13,36,38-48 some of which 
have adopted different approach from the others. What all agreed on was that when a 
Raman spectrum was recorded for a molecule adsorbed on a specially prepared rough 
metal surface its intensity might be enhanced by a factor of 106 or more. Therefore, the 
surface needs to be able to adsorb the molecule for the enhancement to take place; such 
a surface is mostly referred to as surface enhanced Raman active (SER-active).  
 
The recording of SER scattering is not as simple as that for normal Raman scattering. 
Raman processes involve target molecules and laser interaction, whereas to obtain a 
SER spectrum, a metal-molecule component is added that raises the complexity of the 
measurement and adds to the controversial character of the SERS 49. The differences in 
interpretation of SER spectrum owing to the complexity of the process has resulted in a 
large variation with in the published data.  The theoretical differences between Raman 
and SER spectrum will be discussed in the next chapter.       
 
Surface material 
The usual metals surfaces used are silver, gold and copper in the order of effectiveness 
for most systems 41. It is possible that any substrate carrying free electrons could show 
the SER-effect. However, the intensity of such emissions would depend upon the free 
electron density, and other properties such as electrical conductivity, which is best 
exhibited by silver, gold and copper 13. However, the SER-effect has been recorded with 
other materials like transition metals 50-52 and aluminium 53. A major contribution to 
SER mechanism was found to be from surface phenomenon in the metal complex as 
compared to the adsorbed molecule 42. Irrespective of the adsorbed molecule being 
Raman active or not, the enhancement is not possible without the metal surface being 
SER-active, although it is the polarisability of the molecule that dictates Raman 
intensity. The Raman intensity undergoes a change in magnitude when the molecule is 
adsorbed onto the metal. It is the poor conductivity of the metal (transition metals) that 
causes the electronic scattering to become the predominant process which reduces the 
SER-effect. Therefore when all the conditions are kept constant, silver has been found 
to give a better SER effect than gold and copper 13,41. That is why silver has been used 
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more effectively in fabrication of SER-active surfaces by different techniques. 
 
Morphology of SER-active surface  
In general, it can be concluded from extensive studies on morphology of the SER-active 
surfaces that the metal particles need to be smaller than the wavelength of light for the 
SER effect to occur 41. It was also established that the minimum size of the roughness 
should be larger than the analyte molecule. So the usual roughness (aggregated colloids 
or the height of the structures) required for the SER-active surface was found to be 
between 5-500 nm 41,42,54,55. However, the upper limit depends, to a great extent, on the 
wavelength of the excitation light, therefore, for the system having a laser in the NIR 
region, the roughness feature may be higher. In general, when all other parameters were 
kept constant, the variation in the dimension of metal roughness was found to affect the 
SERS results 56. The roughness feature in colloidal system is normally its diameter and 
for solid rough metal surfaces 57 it is the size of surface protrusions 43.  
 
SERS is a complex process and there are many factors which affect the enhancement 
obtained through metal-molecule linkage, most of which are not fully understood 41. 
Apart from the metal type and its size discussed above, other morphological and 
chemical characteristics have been found to play an important role, e.g. shape of the 
roughness feature, the spacing between the protrusions of a solid SER-active surface 
38,57,58
 and aggregation for a colloidal system 36.  
 
Even the hydrogen potential (pH) of the colloidal solution affects, in addition to the 
aggregation, the adsorption of target molecule and thus the SER signal 55. The 
importance of laser wavelength has been mentioned above and will be further 
elaborated later. The ability of metal to adsorb the analyte molecule was found 42 to be 
not only a feature of metal property but also depend on the environment in which SER-
active material was kept and on the sample presentation method.  
 
Limitations of SERS 
The acceptance of SERS in analytical chemistry and physics is evident from the sudden 
increase in published work 38. Although it is being used for basic research in advancing 
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the knowledge of surface science, its potentials as an effective tool in forensic and real 
time in situ analysis are currently being widely and extensively explored. Some of the 
limitations associated with SERS reported in many published works are mentioned 
below: 
 
1. Not all the variables associated with SERS could be controlled 46. For example if 
the particle’s roughness size and shape was controlled, surface chemistry generally 
remained unstable 9,59,60. Contamination or deterioration of the delicate surface resulted 
in deterioration of the SER spectrum.  
 
2. Target molecule had to be adsorbed on the surface for the SER-effect. The 
compatibility of the molecule and the SER-active surface was found 50 to be a vital 
issue. Not all types of surfaces supported all types of molecules. It would be ideal to 
develop a surface whose properties could be controlled to facilitate the adsorption of a 
variety of analyte molecules.  
 
3. SER scattering was found 12 to be dependent on the types of chemical species 
being used as analyte. Adsorbate molecules differed greatly in their interaction with the 
surface and environmental contamination could prevent that altogether 42. Therefore, 
SERS is very sensitive to both surface chemistry as well as adsorbate-surface 
interaction.  
 
4. Anomalous bands have been reported 54,59,60 to keep appearing in the SER 
spectrum that apparently had no origin from the adsorbate or surface chemicals. These 
bands were a source of confusion and error in the interpretation of a spectrum. For 
example, Rhodamine-like bands, which were probably due to a universal dye existing at 
a very low concentration, appeared in many types of colloids when working with 514.5 
nm laser wavelength 59. Knowledge of these bands is important to avoid 
misinterpretation. 
5. The SER spectrum often differed from the Raman spectrum of the bulk material 
9
. The Raman spectrum obtained by the interaction of a laser with the adsorbed 
molecule is determined by selection rules different from that of normal Raman 
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scatterings 49. This was due mainly to the difference in vibrational freedom between free 
and adsorbed molecules or changes in its centre of symmetry on adsorption 41,42. The 
surface selection rules are determined by the orientation and binding properties of the 
molecules at the surface nano-structure.    
 
6. In a SER spectrum some peaks may not be visible altogether and a few 
forbidden vibrations may appear 45. This makes the identification of an analyte difficult. 
One way of tackling this is to make the SER spectral library with the lowest 
concentrations possible and avoid comparison of spectra with normal Raman spectra 
during SER investigations.  
 
7. In SERS, being a very sensitive technique, even a minute amount of 
contaminant sticking strongly on the surface was found to produce a dominant signal in 
the spectrum 13,59. The problem of positive identification would then become a problem. 
The contaminant could be very small and could be from the environment or left behind 
during a previous experiment on any one part of the sampling system.  
 
8. A SER-active surface suitable for field work should have a long shelf life, 
should be reproducible and economical for commercial use. Most of the types of 
surfaces reported 39,53,55,59 are being produced by a delicate laboratory controlled 
fabrication protocol. Surfaces used in the tests are fabricated shortly before use for a 
specific experimental requirement.  
 
2.4 SER-active surface fabrication techniques 
As discussed earlier, the difference between normal Raman spectroscopy and SERS is 
in the analyte-surface system, otherwise hardware remains the same. In an analyte-
surface system, it is the latter which can be varied in physical and chemical properties to 
get the best results. Therefore, the different SERS techniques or SERS applications 
involve fabricating, controlling and modifying the surface properties for optimised 
enhancement 36.  
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Concurrent to the development of the modern Raman equipment, there has been a 
tremendous amount of work done to develop better techniques of fabricating SER-
active surfaces. These include electrode surfaces roughened by oxidation-reduction 
cycle 13,44, island films on warm substrate formed by layers of vapour deposition 54, 
deposition of metal films on porous glass 61, cold deposited films 57, lithographically 
produced metal spheroid assemblies 46, roughened fibre optics tips 62, metal colloids 63, 
mechanical polishing 46, etched silver surfaces 64 and metal coated nano-beads 65. 
 
Surfaces have also been prepared by a variety of methods and some by using 
combination of two or more simple techniques. Most of them are customarily prepared 
in the laboratory for a particular use and still no single substrate is known to have met 
the needs of all areas of study 61. This is, therefore, the foremost active research area in 
SERS. The second is the selection of laser wavelength which is compatible with the 
metal-molecule complex 9,66,67. The conditions/rules of adsorption for sample molecule 
on metal surface is the third area being explored by researchers 13,68.  
 
Many techniques have been developed for substrate preparation based on the basic 
methods reviewed above. Some of those that seem to be important and advanced, 
especially having some utility in the detection field, will now be reviewed for their 
viability. These methods can be broadly divided into two groups; those composed of 
metal colloids and those based on solid SER-active surfaces.  
 
In order to compare the SER-active surfaces fabricated by different experimental 
protocols, there are some important factors which must also be considered. These are 
the type of the metal, type of substrate, excitation laser wavelength for SER analysis 
and the type and concentration of analyte used. With this in view, these experimental 
details of a few of the relevant techniques have been tabulated in appendix B and the 
same will be referred in the text.  
 
2.4.1 SERS with metal colloids 
Three widely used techniques for the preparation of metal colloid differ as per the type 
of reducing agent used for the reduction of silver and gold salts. An efficient method 
Chapter 2 – Review of the Literature 
 23 
was suggested by Lee and Meisel 81, which used Trisodium Citrate (C6H5O7Na3) as 
reducing agent. In another method proposed by Leopold and Lendl 70 metal colloids 
were prepared with Hydroxylamine Hydrochloride (NH2OH.HCl) as reducing agent. 
Creighton et at 82 used Sodium Borohydride as reducing agent. The three methods 
differed in the procedure of preparation but were reported to yield similar results 53,70,82. 
The size of silver colloids was around 10 to 15 nm in diameter and from 50 to 60 nm for 
gold colloids. The absorption maximum of silver colloids formed from these methods 
remained within 395-415 nm, whereas for gold colloids it was between 510-530 nm. 
This showed abundance of bigger particle sizes in gold colloids. Citrate reduction 
method 53 was more widely used 39,56,63,69,71,81,83 because of the narrow size distribution 
and stability of colloids.  
 
The most commonly used form of SER-active surface is silver colloidal solutions 63 
having particle sizes around 10-15 nm when prepared and 50-200 nm on aggregation. 
gold colloids were found to be a little bigger in size, with diameters of around 40 to 50 
nm, and formed much bigger colloids on aggregation than silver. Usually the 
aggregated silver colloids have a combination of rod like and spherical particles 
whereas the gold colloids are mostly spherical in shape 70. The control on aggregation of 
these colloids is very important as it affects the sensitivity of SERS measurements.  
 
Vidal and Pendry 47 have demonstrated that an isolated single particle (as in un-
aggregated colloids) was a poor model for real SER-active system. Most SER-active 
systems were actually assemblies, sometimes very large assemblies, of coupled nano-
particles.  The EM field strength at interstitial locations in the aggregate was greatly 
increased as compared to a single particle and these could correspond to the most 
chemically active sites too. It was shown 70 that the adsorbate molecule might be 
strongly bonded to such chemically active sites after landing on a randomly rough 
surface. It was here where very strong electromagnetic fields and field gradients were 
available, and were called “hot spots” of the fractal colloidal silver cluster.  
 
Therefore, the molecules involved in the SER effect were predominantly those adsorbed 
on aggregates that were favourable for surface plasmon resonance (SPR). The existence 
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of “hot spots” at a given excitation wavelength depends strongly on the geometry of the 
aggregates 42,46. The SPR depends on both the morphology of the nano-particle and the 
excitation wavelength of laser. A SER-active surface of a specific morphology 
possesses specific resonance properties where the surface plasmon shows highest values 
and whenever the coinciding laser wavelength is used, drastic enhancement in SER 
scatterings are observed. Application of SPR in SERS is discussed later. The surface-
enhanced Stokes Raman signal is proportional to the Raman cross section of the 
adsorbed molecule, the excitation laser intensity, and the number of molecules that are 
involved in the SERS process 39. The morphology of the particles is a significant factor, 
determining the distribution of the local enhanced electromagnetic field above the 
aggregates and the adsorbed molecules.  
 
In the Lee-Meisel 81 colloid, a great variety of shapes, from spheres and cubes to rods 
and needles, could be found, whereas the particles in the hydroxylamine reduced silver 
colloid were predominantly spherical with some variation in size. Higher aggregation of 
colloidal solution and poor quality Raman systems resulted in the observation of low 
enhancement of detection efficiencies. Likewise the analyte-colloid interaction 
(adsorption) was a vital aspect 43. Many techniques have been used to facilitate the 
adsorption of target molecule and its orientation onto the colloidal surface 46. Colloids 
were generally prepared to be used within weeks and prolonging the shelf life of 
colloids is still an active research field.  
 
Effect of Laser Wavelength on SERS 
In the SERRS study done by Littleford et al 67, they gave useful suggestions on the 
choice of laser.  The high powered pulsed lasers were found not very efficient for such 
work as compared to the low-powered continuous wave (CW) lasers. With the use of 
high power  pulsed laser precipitation of the colloid was observed, indicating that the 
intense radiation permanently destabilised the colloids, possibly through sintering of 
already aggregated colloids as evident from the electron microscope pictures reported 
by Littleford et al 67 and reproduced in figure 2.3. It also might have resulted in 
breaking of the inter analyte-colloidal bond, pushing analyte molecules away from the 
surface and leading to a decrease in SERS intensity. Additionally, transient heating of 
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the colloidal particles caused by the pulsed laser lead to plasmon shifts and changes in 
absorption intensity, and decomposition of the silver particle due the extreme 
temperature conditions.   
 
a  b  
 
Figure 2.3 Effect of a high power pulsed laser on the colloids. Silver colloids before 
(a) and after exposure (b) (reproduced from reference 67). 
 
SERS has also been successfully conducted with lasers in the visible as well as in the IR 
region. The work mentioned in appendix B in reference 73 showed the effect of laser 
wavelength while keeping all the parameters constant. The sensitivity of SER scattering 
was much better in the longer wavelength region due to the reasons already discussed 
above. The other important aspect was that the intensity of Raman peaks in the 
fingerprint region decreased sharply with the decrease of the wavelength of the exciting 
laser radiation. The AFM image of silver nano-wires and the SERS spectra after adding 
analyte molecules recorded at different wavelengths are reproduced 73 in figure 2.4.  
 
The only drawback of using longer wavelengths was a weakening SERR response 
which otherwise increased the chances of enhanced sensitivity for single molecule 
detection. SERRS with a laser in the visible region, when used carefully, had been 
reported 66 to give very high enhancement in Raman intensity. The capability of SERRS 
in fluorescence quenching when recording spectra in the near-resonance region using 
514.5 nm laser wavelength was demonstrated and a comparison of resonance Raman  
and surface enhanced resonance Raman spectra are reproduced in figure 2.5 A and B 
respectively 66. 
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Figure 2.4 AFM image of silver nano-wires (a) and SER spectra after adding 
analyte molecules recorded at different wavelengths as indicated (b) 
(reproduced from reference 73). 
 
Figure 2.5 Resonance Raman spectrum of Rhodamine 6G molecules recorded with 
514.5 nm laser wavelength (A) and its SER spectrum shows decrease of 
fluorescence and increase in S/N (B) (reproduced from reference 66). 
 
In figure 2.5, the SERR spectrum (B) and the resonance Raman spectrum (A) of the 
same concentration of Rhodamine 6G dye was recorded using 514.5 nm excitation 
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wavelength. The Resonance Raman spectrum was completely obscured by the 
fluorescence, whereas the SERR spectrum was clearly observed as most of the 
fluorescence was quenched.  This ultra high S/N in SERR scattering gave it an 
advantage over all other techniques of Raman spectroscopy. It should be kept in mind 
that for such a system to work the laser wavelength has to be selected specifically for an 
analyte and it becomes impracticable for the analysis of unknown materials in the 
environmental matrix. 
 
The unprecedented sensitivity of SERS has been reported widely 9,13,39,42,71,79. Mostly 
the relative concentrations justifying the single molecule adsorbed on single metal 
particle was reported 39 whenever the analyte concentration was of the order of 10-12 to 
10-14 M and colloidal volume was of the order of pico litres. Two classes of systems 
capable of producing super-hot sites were small nano-particle and its aggregates in 
which interstitial sites were the super-enhancing locations, and secondly the large fractal 
aggregates in which the hot spots arise from the symmetry breaking. It was these hot 
spots that were considered to be responsible for the enhancements high enough to allow 
almost routine detection of a Raman signal from a single molecule as reported by 
Kneipp 39, Sasic et al 71 and Moskovits-Jeong 79. 
 
Effects of surface conditions 
One of the limitations of SERS is the possible lack of compatibility of an analyte 
molecule with the adsorbate. Development of surfaces capable of adsorbing a molecule 
of choice or a wide variety of them is still an area of active research. A promising 
technique being developed involves adding a ‘buffer’ molecule that sticks to the surface 
and to the analyte, making a bond between the two. Leyton et al 68 did interesting work 
in this field while working with Polycyclic Aromatic Hydrocarbons (PAH). They used 
calixarenes on silver metal colloidal suspensions and nano-particle immobilized films. It 
was found that the calixarene host molecule adsorbed onto the metal surface captured 
the PAH molecule close enough to the surface for the detection by SERS, as is shown in 
figure 2.6. The optimum aggregation was achieved by controlling the adsorbate 
concentration. From the analysis of the SER spectra, useful information could be 
obtained about the importance of the calixarene affinity for PAH and metal surfaces. 
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Figure 2.6 A calixarene causes aggregation in colloids (bottom) and links to PAH 
(top) simultaneously (reproduced from reference 68). 
 
2.4.2 SERS with solid SER-active surfaces 
Unlike colloidal solutions, large SER-active metal surfaces are also being used for 
SERS study. The process involves making the metal surface rough at nano-scale to get 
the SER enhancement. The initial SER effect was experimentally observed from a 
roughened electrode surface 9,13,50,54. A number of techniques have been used since to 
produce such roughness on the metal surface. Mostly the surfaces were fabricated either 
by molecular deposition or by roughening the metal surfaces. Different techniques have 
been used for these and are reviewed in detail in several publications 46,49,54,57,61-65,84-92. 
Some of the more relevant ones are discussed here. 
The most commonly used method for preparing solid SER-active surface was found to 
be vapour deposition of metal on solid substrates 85-87. The deposition was achieved by 
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either chemical evaporation or through sputtering. Both methods have been used to 
produce highly SER-active surfaces, but it was found that the deposition can be 
controlled more precisely in sputtering 88,89. In this method the molecules were made to 
sputter out of a target metal, mostly silver, after being hit by Argon ions in a vacuum 
chamber and were deposited uniformly on a substrate. The control on the rate of 
deposition, layer thickness, substrate temperature and vacuum pressure resulted in 
highly controlled surface film morphology. In addition, sputtering has also been done in 
the presence of various gases which gave a variety of options in achieving the surface 
roughness. In one such technique reported by Buchel et al 89, silver oxide layers were 
deposited at various concentrations of oxygen in the chamber used to produce SER-
active surfaces.  
 
In another method reported by Lee et al 84, the metal surface was hit by controlled high 
powered laser pulses. That resulted in ablation of metal particle from the surface. The 
surface roughness of the metal was controlled by verifying the laser power output and 
duration of laser pulse during ablation. Although a satisfactory SER enhancement was 
reported, the surface could not be roughened uniformly nor was the roughness optimum 
for SERS. Therefore, this method is not being used commonly. The ablated silver and 
gold particles from the metal surfaces were reported 84 to remain in suspension and 
could be used as SER-active surface, but were found to have a wide variation in particle 
sizes and therefore, this also was found to be an unsatisfactory technique. The 
advantages of laser ablation, however, are its simplicity and the absence of chemical 
reagents or ions in the final preparation.  
 
Fibre optic SER sensors were prepared by coating etched fibre tips with metal layers 74. 
The SEM images are reproduced in figure 2.7. Although the diameter of each fibre was 
around 30-40 nm, the roughness and the arrangement of the roughened edges did not 
give very high enhancement. Similar work was reported by Viet and Hill 62 where they 
mechanically roughened the fibre tips before coating them with a silver film.  Again, the 
concentration of analyte was 10-2 M which was not low enough to show enhancement 
usually associated with SERS.  
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Figure 2.7 Fibre optic SER sensor made of silver coated etched optical fibres 
(reproduced from reference 74). 
 
Perez et al 64 produced simple SER-active surface by etching silver foil with nitric acid 
for different time durations. The results obtained were related to the corresponding 
capacity of the treated substrate for strong SER signals. A magnified image of silver foil 
etched for 3 minutes in nitric acid solution (8:20 in water) is reproduced in figure 2.8. 
His work concluded that the maximum increase in the SER signal was obtained after 3 
minutes of etching with the given concentration of nitric acid. Longer etching times 
caused a decrease in signal strength and subsequently resulted in the complete 
dissolution of the silver foil. The etched foil did not have uniform roughness and its use 
as SER-active surface for sensitive detection was limited. 
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Figure 2.8 Silver foil etched for 3 minutes in solution of HNO3 64. 
 
There are many techniques for preparing SER-active surfaces by depositing metal layers 
on a suitable substrate as described in appendix B as well as in earlier discussions. 
Work of Drachev et al 76 used a silica layer on a glass substrate and then added a partial 
layer of silver on it to prepare SER-active surface. The partial layer created protrusions 
of 10 to 13 nm height on the surface which gave a reasonably high Raman signal.  The 
SEM image of a partial silver layer is reproduced in figure 2.9 (a) 76. Bao et al 65 coated 
various sizes of silica beads with the silver particles to obtain SER effect but the 
enhancement effect seemed to be mainly from the silver particles sticking on to the 
silica beads and not from the silica beads themselves as is shown in figure 2.9 (b). 
  
       
Figure 2.9 Partial silver layer on silica coated glass substrate (a). Silica beads coated 
with silver particles (b) (reproduced from references 76 and 65 
respectively).  
 
Several lithographic techniques have been used to prepare nano-strutured SER-active 
surfaces. Of these ion beam lithography 93, nano-imprint lithography 94 and nanosphere 
a b 
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lithography are promising ones. Ion beam lithography was found very costly in terms of 
time and resources whereas nano-imprint lithography was comparatively simple in 
process, yet its mould formation at nanoscale was very complex. Nanosphere 
lithography was found better than the rest is discussed here in detail. 
 
Nanosphere Lithography (NSL) 
A very exciting method for producing uniform surface roughness by nano-sphere 
lithography was reported by Sun et al 95. They used 265 nm diameter polystyrene micro-
spheres assembled on a gold substrate, pressed thermally to achieve a non-spherical 
layer. A silver layer was put on it and the micro-spheres were washed away to get an 
hexagonal silver nano-network. SEM images of the assembled micro-spheres and final 
surface achieved by the authors are reproduced in figure 2.10. 
 
  
Figure 2.10 Polystyrene micro-sphere assembly on gold substrate (a) and hexagonal 
silver nano-network achieved after thermal pressing and removal of 
micro-spheres (b) (reproduced from reference 95). 
 
Astilean 96 demonstrated an even simpler form of nano-spheres lithography by 
assembling a monolayer of 400 nm diameter polystyrene nano-spheres on silica and 
then coating with thermally evaporated silver. Polystyrene beads were removed to get a 
periodic array of silver particles. The SEM images of both before removal of beads and 
final silver rough surface are shown in figure 2.11. Extensive work on nanosphere 
lithography (NSL) has been done by Van Duyne’s group 58,80,97-99. In one case 80, 400 
nm diameter polystyrene nano-spheres were coated in a monolayer on a glass substrate 
and then 50 nm thick silver film was deposited before removing the nanospheres from 
the substrate. The rough silver surface was capable of detecting analyte concentrations 
down to 10-13 M. An AFM image of the final SER-active surface is reproduced in figure 
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2.12 showing arrays of silver nano-structures, each small structure being ~231nm apart 
(centre to centre) and ~93nm in size (perpendicular bisector of the triangle). 
 
    
Figure 2.11 SEM images of crystalline assembly of polystyrene spheres of 400 nm 
diameter (a) and periodic array of silver particles left on the substrate (b) 
(reproduced from reference 96). 
         
Figure 2.12 AFM image of 51 nm high silver patterns left after removal of 
polystyrene nanospheres (reproduced from reference 80). 
 
Schmidt et al 100 has claimed SER enhancement of the order of up to 106 for rhodamine 
6G dye molecule when using an ordered silver nano-cluster array using 900 and 400 nm 
diameter latex nanospheres. Although higher enhancement of Raman intensity has been 
achieved with colloidal system in suspension than with the large surfaces, the latter 
offers many other advantages for field deployment. Silver coated substrates were found 
to be more robust than colloidal solutions and are expected to withstand a field 
environment better. Systems like fibre optic SER sensors 62,74 that did not require 
changing the substrate for every test seem promising.  
a b
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2.5 Application of SERS  
It has been discussed already that the most critical stage of development in SERS is the 
SER-active surface having high concentration of ‘hot spots’ and also capable of 
adsorbing desired analyte 36,39,49. It is considered that large EM field enhancement in the 
metal-molecule complex combined with chemical enhancement by a charge transfer 
mechanism gave a large SER cross-section, making a single-molecule detection feasible 
13,42,46,101
. Routine detection, however, at such a high sensitivity is not yet possible due 
to poor reproducibility of the surfaces, variations in the surface roughness, and 
variability in colloidal size.  
 
It was reported that the morphology of the structures in terms of shape, size and height 
could be controlled 98. The size and shape were systematically modified by varying both 
the size of the nanospheres, figure 2.13 A and B, and by the monolayer/double layer 
configurations, figure 2.13 C-F. A specific morphology was achieved within a 
nanostructure cluster.  
  
Figure 2.13 Schematics of a single structural array formed from single layer (A) and 
double layer (B) configurations. AFM image of single layer arrays on 
mica substrate formed with nanosphere diameter of 542 nm (C), 401 nm 
(D), 264 nm (E) and 165 nm (F). (Reference 98) 
 
C D 
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Achievement of local surface plasmon (LSP) was found to be dependent on the 
resonance conditions. LSP resonance (LSPR) was studied by Van Duyne’s group 
58,98,99,102
 and others 49,101. It was found that the LSPR depended on the morphology of 
the silver nano-structures. Not only the shape and size of the nano-structure but the 
height of the structure had a major impact on the LSPR values. Jensen et al 58 did a UV-
Visible extinction study on surfaces fabricated with ~301 nm diameter nanospheres with 
varying height of the silver structures (thickness of silver layer). The results are 
reproduced in figure 2.14. Note that the LSP resonance (LSPR) occurs at the 
wavelength of highest absorption.  So, with the increase in the height ‘h’ (nm) of the 
silver structures the LSPR value (wavelength of maximum absorption, λmax) decreased.  
Therefore, the SER-active surface could be tuned to be in the LSPR region depending 
on the laser wavelength used to achieve higher enhancement in the Raman scatterings. 
In the same study a surface fabricated using 542 nm diameter nanospheres and a silver 
layer ~50 nm thickness showed maximum absorption at the wavelength of 782 nm.   
 
 
Figure 2.14 UV-visible spectra of surfaces fabricated with 301 nm diameter 
nanospheres. h = 58, λmax =501 (A), h = 53, λmax =517 (B) h = 43, λmax 
=533 (C), h = 38, λmax =544 (D), h = 33, λmax =563 (E) and h = 23, λmax 
=585 (F) (reference 58) 
 
The enhancement of SER scattering occurs when the excitation wavelength of the laser 
is in/near resonance either with the surface plasmon or with the target molecule or both. 
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This combination of SERS and resonance enhancement SERRS, has been reported 
66,103,104
 to give even higher enhancements of Raman scattering than 1010, with complete 
quenching of the fluorescence that was otherwise a major limitation in RRS. This would 
be of particular interest for in-situ remote detection in the presence of background 
species.  
 
In SERRS the signals relate more to molecular scattering than to surface-molecule 
interaction and the additional sensitivity means that less laser power could be used 101. 
This was found to reduce decomposition and give reduced background signals. SERRS 
has enabled the detection of sub-monolayer coverage of adsorbate in observation times 
of ~1 second 101 and facilitated important technological developments in optical 
instrumentation (for instance diode lasers, fibre optics, collection optics, holographic 
notch filters, and sensitive low-noise multi-channel detectors) 
 
Research has shown the potential of SERS to detect and to identify trace chemicals. The 
limit of detection (LOD) and quantification achievable by SERS improved in recent 
times, especially with the demonstration by many researchers of its capability of single-
molecule detection discussed above. Recently Vo-Dinh et al 105-107 also achieved very 
low detection limits for a variety of chemical agents. Adsorption and detection of drugs 
on silver colloids was done recently by Rivas et al 108 and Segmulle et al 109.  Olson 110 
et al used metal colloids to rapidly detect polycyclic aromatic hydrocarbons (PAH) at 5 
ppb level in water. Lee et al 111 deposited silver film on the inner walls of glass sample 
vials and used this for multi-pesticide determination with a portable Raman system. 
SERS sensors developed with gold were reported 112 to detect nerve agent simulants at 
50 ppb concentration and diethanol sulphide (a mustard simulant) and cyanide, each at 
the ppm level.   
 
It was realised that the key to success in SERS for ultra-sensitive detection was to 
establish a strong analyte-surface compatibility. The laser wavelength was generally 
chosen either to coincide with the wavelength of absorption of the analyte or that of the 
surface plasmon 9,13,49. Where both absorption bands were close, the choice was simple, 
but if these were far apart, the laser wavelength had to be chosen closer to either one of 
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the absorption bands. The SER spectrum was found to be susceptible to 
misinterpretation as some impurities adsorb preferentially on the SER-active surfaces, 
giving a much stronger signal. The photodecomposition effect was also found to 
contribute to the complexity by altering or desorbing the adsorbed surface species 5.  
 
SER’s higher sensitivity has lead to its use in explosive detection where there is a dire 
need for an extremely sensitive system 1,8. Although many efforts are at hand, no field 
deployable system has been developed yet. Some of the work does not get published 
because of the nature of the confidentiality. Nevertheless, SciFinder Scholar 2004 gives 
reference to 15 publications directly related to explosive detection with SERS 113, out of 
which only half are regarding the recent progress in this field. The works described in 
appendix B follows the goal of achieving lower LOD for different materials.  
 
Explosives in general have comparatively low vapour pressure. Concentration of its 
vapour especially when sealed is likely to be extremely small. Therefore, materials with 
relatively higher vapour pressure found both in typical explosives and in other 
compounds, like peroxides and ammonium nitrate, increases the possibility of false 
alarm. Most of the work done so far has concentrated on nitro based explosives in 
general and TNT in particular. McHugh et al 114,115 have achieved very low detection 
limit for functionalised TNT, RDX and PETN using SERRS. Sylvia and co workers 116-
118
 in a series of papers have reproducibly detected the chemical signature of TNT 
explosive in the vapour phase from a buried landmine down to 5 ppb using SERS with 
roughened gold surfaces. Similar work was reported by Spencer et al 119 who, apart 
from buried landmines, also detected chemical and biological agents.  
 
James et al 120 have recorded SER measurements of Tri-amino-trinitro-benzene (TATB) 
in the gas and liquid phase. Research on SERS reported by Kneipp et al 121 for TNT 
adsorbed on colloidal gold and silver in aqueous solution using an 830 nm laser 
wavelength claimed detection limits down to less than a picogram, making ultra-trace 
detection possible. Studies are being done in developing more sophisticated surfaces to 
further improve the detection capability. Montoya 122 has tried titanium-based surfaces 
to detect TNT, DNT and RDX with different lasers with results not yet comparable with 
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those observed with silver or gold. Spencer et al 123 have claimed a 5 ppb detection limit 
for TNT, and for HMX, RDX and PETN at 1 to 5 pg level from the headspace vapour. 
They have used electrochemically roughened gold and silver substrates and have 
claimed to have developed a ‘fieldable fibre optic SERS sensor’. The same group 124 
have also reported the detection limits of 1 ppb for nerve-agent and 10 ppm for an 
explosive simulant in less than 30 seconds with a 785 nm wavelength laser source. Self 
assembling silica spheres of 450 nm diameter coated with 200 nm thickness of gold film 
were used as SER-active surfaces.  
 
As stated above, critical progress in the field of Raman spectroscopy has been achieved 
with many encouraging developments occurring within the last decade. However, if 
SERS is to be used as an explosive detection technique, careful consideration of the 
chemical and the physical properties of the surface enhancement is required. From the 
review of the existing literature it is quite clear that with further understanding of the 
nanotechnology and using the technique within its limitations, ultra-trace detection is 
certainly possible. 
 
2.6 Conclusions 
Despite a large number of publications and extensive ongoing experimental and 
theoretical efforts to elucidate the physical basis of signal enhancement, the 
practicability of SERS for explosive detection is still elusive 101. This is mainly due to 
the inability to reproduce the preparation of well-defined, reliable, and stable SER-
active surfaces with a high concentration of ‘hot spots’. Additionally, problems of poor 
control over the particle aggregation state and of irreversible precipitation of metal 
colloids in solution have to be addressed according to a general consensus within the 
research community in the field.  
 
For routine, on-line trace analysis, the literature shows that a SER-active surface is 
required to be stable, reproducible, inexpensive, and easy to fabricate. In simple terms, 
silver surfaces which give uniformly distributed roughness with height of the structures 
in the 50 to 400 nm range combined with ~700 to 800 nm laser excitation wavelength 
have been generally regarded as the most suitable SERS configuration for a field 
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system. The nanosphere lithographic (NSL) technique was found to be relatively more 
workable for SER-active surface fabrication within normal laboratory conditions, with 
high reproducibility and cost effectiveness.  
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3. THEORETICAL CONSIDERATIONS 
 
 
3.1 Raman Scattering and Resonance Raman Scattering  
Raman theory, by now, is quite well established and has been developed by many 
researchers 9,13,48,66 over the last few decades. The theory deals with the molecular 
vibrational spectroscopy and the process has been fully explained using quantum 
theoretical procedures in the interaction of EM radiation with molecules 13. Normal 
Raman scattering involves excitation to higher vibrational states via a virtual state as 
shown schematically in the energy diagram in figure 1.2 (chapter 1). Although quantum 
theory is needed for the explanation of all Raman phenomena, particularly the 
dependence of its strength on the wavelength of the excitation radiation, an insight can 
be obtained from first principles using classical procedures 9,48.  
 
 
Figure 3.1 Dipole moment ‘P’ induced in the electronic cloud of the molecule by 
the incident field ‘E’ of the laser that results in scatterings. (Reference 9). 
x 
y 
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Consider a molecule that is subjected to an incident electric field so that it becomes 
polarised, i.e. the electron orbitals assume a preferential shape. The dipole moment 
induced in the molecule, ‘P’, (shown in figure 3.1) is related to the incident electric field 
strength ‘E’ by 9: 
 
 Εα=Ρ         ----- 3.1 
 
where ‘α’ is polarisability of the material i.e. the ease with which the electronic cloud 
can be distorted. For a sinusoidal varying electric field, the dipole moment will also 
vary at the same frequency. In such a case the field strength in time‘t’ will be given by: 
    
 00 t2cos νpiΕ=Ε        ----- 3.2 
 
where E0 is the equilibrium field strength and ν0 is the frequency of the incident light 
(laser). The fluctuating dipole with frequency ν0 will scatter radiation at the same 
frequency ν0, which is called Rayleigh scatterings. The molecular vibrations are 
composed of specific vibrational modes. A non-linear molecule (like H2O) having N 
atoms will have 3N-6 modes and a linear molecule (like CO2) will have 3N-5 modes. 
Now if a molecule having ‘j’ modes vibrating with νj at time ‘t’, mode Qj will be given 
by: 
 
 tpiν2cosQ=Q j0jj        ----- 3.3 
 
 where Qj0 is the state without the laser radiation. If the polarisability of the electrons 
changes with the changes in the molecular vibrations then: 
 
 j
j
0 QQδ
δα
+α=α       ----- 3.4 
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Now with combination of equations 3.1 and 3.2: 
 
 t2cosEP 00 piνα=         ----- 3.5 
 
Combining equations 3.3 and 3.4 we get: 
 
 t2cosQQ j
0
j
j
0 piν







δ
δα
+α=α      ----- 3.6 
 
Substituting the value of polarisability from equation 3.6 into equation 3.5, we get: 
 
 
( )( )t2cost2cosEQQt2cos j000jj000 piνpiνδ
δα
+νpiΕα=Ρ   ----- 3.7 
 
The above equation, after trigonometric manipulation, can be written as follows: 
  
( ) ( )[ ]j0j0
j
0
j0
000   -t2cost2cosQ2
Q
t2cos ννpi+ν+νpi
δ
δαΕ
+νpiΕα=Ρ   ----- 3.8 
 
This accounts for the fact that, in the interaction process, there are three components of 
scattered radiation. Rayleigh scattered component ν0 having the same frequency as the 
incident radiation field, anti Stoke Raman scattered component having frequency (ν0 + 
νj) which is higher than that of the incident radiation field and the Stokes Raman 
component having frequency (ν0 – νj) which is lower than that of the incident frequency. 
The Raman shift ∆ν cm-1 (wavenumber unit) is defined in terms of the incident 
wavelength λ0 = c/ν0 and the Raman scattered wavelength, λ j = c/νj as: 
   
 =








λ
−
λ j0
11
 ∆ν (cm-1)  
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The Raman shift corresponds to the specific line of an IR absorption spectrum 
(vibrational mode). These scatterings processes are shown in simplified graphical form 
in figure 1.2 and 3.2. Equation 3.8 also highlights: 
 
1. Polarisation and scattering intensities are proportional to incident radiation field. 
2. Raman scattering is produced by the vibrations that result in the change in the 
polarisability of the molecules. 
3. Raman shift is positive for Stokes scatterings and negative for anti-Stokes 
scatterings. 
4. For anti-Stokes scatterings to occur, the molecule has to be in a vibrational excited 
state and at normal temperatures is much weaker than Stokes scatterings. 
5. Raman intensity depends upon the polarisability and therefore it varies greatly for 
different molecules and for different vibrational modes within the molecule.  
 
The extension of the theory provides 9 a relationship between the Raman intensity ‘IR’ 
and the frequency of the incident radiation: 
 
 
( ) 2j2j4j0R QI αν±νµ≅       ----- 3.9 
 
where ‘µ’ is the constant of proportionality and is assumed to be independent of the 
Raman frequency. For normal Raman scattering, ν0 >> νj and therefore, the latter can be 
ignored for all intent and proposes. Under these conditions the equation highlights that 
the normal Raman intensity is proportioned to the fourth power of the incident 
frequency 125. Considering ν0=c/λ0, where c is the speed of light and ‘λ0’ is the 
wavelength of the incident laser, the Raman intensity is therefore proportional to the 
inverse fourth power of wavelength of the incident laser; 
 
 4
0
R
1I
λ
α         ----- 3.10 
 
Although this dependence is valid at excitation far removed from any real allowed 
electronic states of the molecules, it is not valid at near resonance excitation. Only 
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quantum theoretical considerations allow one to account for overtones and combination 
modes in Raman spectra and the complete wavelength dependence of its intensity. The 
derivations of such a theory are complex 9,13 and are beyond the scope of this thesis. 
 
 
Figure 3.2 Simplified graphical representation of Resonance Raman Process. 
 
In simple terms, at near resonance excitation (figure 3.2), the Raman intensity becomes 
higher giving rise to resonance enhancement. Another important aspect of RRS is the 
selectivity of the Raman band enhancement. There are Raman bands which undergo 
more enhancements while others are not enhanced at all. Such selectivity is governed by 
the coupling of the energy states involved in the interaction process.  
 
Full effect of resonance can be demonstrated in the form of a Raman excitation profile 
(REP). A tuneable laser is required so that Raman spectra can be recorded for 
excitations at different laser frequencies. The Raman intensity of selected bands is then 
plotted against the frequency of the laser. Theoretically, the highest intensity will be at 
the resonance frequency but due to strong absorption and thermal dissipation of the 
energy, it becomes impossible to observe a Raman signal. Different vibrations will have 
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varying profiles as per the resonance effect. Although this technique is extremely 
sensitive to minor structural changes and the selective determination of an individual 
chromophore is possible, even traces of fluorescence can prevent acquisition of Raman 
spectra and vibrations with weak resonance enhancement may not be observed. It is not 
necessary to use the laser line exactly in the highest absorbance region of the material, 
rather resonance enhancement is normally recorded with the laser line close to it.  
 
As already mentioned in chapter 1, the application of Raman spectroscopy is limited by 
fluorescence and low sensitivity. Fluorescence is a material property and in an open 
environment many types of molecule are likely to fluoresce. With selection of laser 
operating at a long wavelength region and a modern spectrometer, the fluorescence can 
be largely avoided. But the longer the excitation wavelength the lower the Raman 
intensity (for a given setup), which means poor detection limits. Apart from 
fluorescence, background noise has a major contribution to low sensitivity i.e. signal to 
noise ratio (S/N) 12. Efforts to improve S/N have pushed the limits of existing 
technology and for a given sample it has improved many folds. Introduction of multi-
channel techniques, use of longer wavelengths and low noise detectors have helped to 
reduce unwanted signals. The S/N has been described 9 as the ratio of average peak 
height of the specific Raman band, ‘S’ and the standard deviation of the peak height 
‘δy’: 
 
 
y
SN/S
δ
=         ----- 3.11 
 
δy decreases with the number of measurements. It is the combined effect given as: 
   
δy = √δS2  +  δB2 + δD2 + δF2 + δR2     ----- 3.12 
 
δS Signal shot noise occurring during photon counting by poisson statistics. 
δB Background shot noise; photons other than Raman scatterings arising 
from stray laser, reflections and fluorescence.
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δD Detector dark noise; thermal generation of electrons from within the 
detector. 
 δF Flicker noise; variation in laser intensity. 
δR Readout; arising during the constant process of converting electrons from 
the detector to useful form. 
 In practice, a spectrometer is designed so as to minimize most of these effects, except 
mainly from sample and from the environment. 
 
3.2 Surface enhanced Raman spectroscopy (SERS) 
Attempts have been made to explain the theory of SERS by Smith 13, McCreery 9, Hicks 
40
, Tian 36, Chang et al 41, Moskovits 42,46, Campion et al 44, Roy et al 54, Wu et al 126, 
Kneipp et al 50 Smith and Dent 13, Weatherby 90 and the most recent by Aroca 49. These 
theories are still under development and do not fully account for the observed 
phenomenon. The understanding of SERS process is needed for its effective application 
by optimising experimental parameters for achieving maximum sensitivity. Here only 
the salient points are presented for enabling a comprehension of the likely mechanism 
of the effect and complete derivations of the theories propounded by different authors is 
beyond the scope of the present study. A phenomenological explanation of SERS is 
presented below. 
 
Two effects known to produce enhancement in surface Raman measurements are: 
electromagnetic (EM) enhancement and charge transfer (CT) or chemical/electronic 
enhancement. The exact contributions of electromagnetic and chemical enhancements 
are not completely clear. However, the former is known to contribute much more 
towards the enhancement of Raman scatterings than the latter. It is commonly agreed 
42,49 that the enhancement depends largely on the optical properties of the metal-
molecule complex, the vibrational modes of molecule under study and the orientation of 
the adsorbed molecule.  
 
The simplified approximation 127 used to explain the combined enhancement factor ‘G’ 
was: 
  G vibration   =   G EM   x   G electronic 
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The effect of each is briefly discussed here. 
 
3.2.1 Electromagnetic (EM) Enhancement 
Aroca 49 has used Moskovits’s explanation to define the EM enhancement mechanism 
as follows: 
 
‘As it is currently understood, SERS is primarily a phenomenon associated with 
the enhancement of the electromagnetic field surrounding small metal objects optically 
excited near an intense and sharp dipolar resonance such as a surface-plasmon 
polarisation. The re-radiated dipolar fields excite the adsorbate, and, if the resulting 
molecular radiation remains at or near resonance with the enhancing object, the 
scattered radiation will again be enhanced (hence the most intense SERS is the 
frequency-shifted elastic scattering by the metal). Under appropriate circumstances the 
field enhancement will scale as E4, where E is the local optical field.’  
 
The conduction electrons on the surface of a metal like silver, gold or copper are in the 
form of a cloud. The electron density, being negatively charged, is held in place at a 
distance from the surface due to the presence of positive charge from the metal centres 
as shown in figure 3.3 (A). With the interaction of light, these clouds begin to oscillate 
as a group across the surface. The collective oscillation of this electron cloud near the 
surface of the metal, when excited, is called a surface-plasmon 13 and is described 
schematically in figure 3.3 (B). Therefore the creation of surface plasmon is a necessary 
requirement for SER scatterings to be observed. On a flat non-adsorbing metal surface 
only Raman or resonance Raman scatterings can be observed for that molecule-surface 
interface (figure 3.3 (A)). The SER scattering occurs when the plane of the oscillation of 
the surface plasmon is perpendicular to the metal plane. This is provided by the surface 
roughness that can be in the form of protrusions on the solid metal surface or in the 
form of small aggregated metal particles in suspension. If the molecules are adsorbed at 
these metal protrusions within the surface plasmon (figure 3.3, C), the Raman 
scatterings are greatly enhanced. The excitation of surface plasmon provides the 
theoretical basis for the development of the EM enhancement mechanism.  
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Figure 3.3 Schematic representation of Raman, resonance Raman and SER effect. 
 
The EM mechanism is considered 9,49 to contribute more towards enhancement of SER 
scatterings and has been explained by considering a spherical particle being irradiated 
by an electric field as shown in figure 3.4. If a molecule placed near the surface of the 
metal particle is irradiated with the light having a wavelength longer than the particle 
diameter, it polarises the electron cloud and they start to oscillate (surface plasmon) 
with the frequency of the light. This polarisation generates a local electric field which is 
in resonance with the optical field but is much larger 13,50. Now if the molecule is within 
the surface plasmon, as in figures 3.3 and 3.4, it will experience the effect of a much 
higher local field as compared to that of the light in the absence of the surface plasmon. 
This will enhance the scattering and the whole process is called EM enhancement.   
 
 
Figure 3.4 Graphical representation of SERS effect on metal sphere. (reference 9). 
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In the system shown in figure 3.4, the model considered 42 was a small metal sphere 
with dimensions smaller than the wavelength of illuminating light sustaining oscillating 
surface plasmon. Systems with free or almost free electrons sustain such dipolar 
plasmon resonance. When the exciting laser light is resonant with the dipolar plasmon 
the metal particle will radiate light characteristic of dipolar radiation. This radiation is a 
coherent process with the exciting field in which light intensity from a certain portion of 
space surrounding the particle is depleted while the intensity at certain portions near the 
metal particle is enhanced. Moskovits 42 defines the field enhancement factor averaged 
over the surface of the particle as ‘g’. The metal particle radiates field having an average 
magnitude, ‘ES’, 9,42: 
 
 ES = g E0        ----- 3.13 
 
where ‘E0’ is the magnitude of the incident field. On the average, molecules adsorbed at 
the surface of the metal particle, therefore, will be excited by a field whose magnitude is 
‘ES’, and the field strength of the Raman-scattered light, ‘ER’, produced by the molecule 
will be: 
  
0RSRR Εgα∝Εα∝Ε       ----- 3.14 
 
Here ‘αR’ is the combination of Raman components of polarisability. The metal particle 
will further enhance the Raman-scattered fields in the same manner as it enhanced the 
incident field, i.e. the metal particle can scatter light at the Raman shifted wavelength 
enhanced by a factor g'. SER-scattered field will therefore have the field strength, 
‘ESERS’, given by: 
 
0
/
RSERS Εggα∞Ε        ----- 3.15 
 
And the average SERS intensity ‘ISERS’ will be proportional to the square modulus of 
ESERS: 
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0
2/2
RSERS Ιggα∝Ι        ----- 3.16 
 
Where I0 is the intensity of the incident field. For low-wavenumber bands when g ≈ g′, 
the SER intensity will be enhanced by a factor proportional to the fourth power of the 
enhancement of the local incident near-field ‘EL’:  
 
 
44
L g=Ε         ----- 3.17 
 
The SER scatterings component due to EM enhancement, GEM, can be defined as the 
ratio of the Raman-scattered intensity in the presence of the metal particle to its value in 
the absence of the metal particle: 
  
 
2/
R
R
EM ggG
ο
α
α
=        ----- 3.18 
 
Where ‘ 0Rα ’ is the Raman polarisability of the isolated molecule.  
 
Several points that can be noted are 36,42,50: 
  
• SERS excitation is a near-field phenomenon. The near-field, especially near a 
metal surface, will have spatial components that decay more rapidly with distance 
than the spatial variation in the far-field. It is maximum at the interface and then 
minimises as it extends to about 10 nm away from the surface. 
• The surface-plasmon largely depends on the optical properties of the material 
(metal), the shape of the roughness (nano-structures) in addition to some other 
system specific variables. 
• Although αR is referred to as the Raman polarisability of the molecule, in fact it is 
the Raman polarisability of the metal-molecule complex and may, as a result, be 
greatly altered in its magnitude, symmetry and resonant properties from the 
Raman polarisability of the isolated molecule. 
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• Although the SERS intensity varies as the fourth power of the local field, the 
effect is a linear optical effect that depends on the first power of I0. But the 
extraordinary enhancement of SERS emanates from the fourth power dependence 
on g. 
• In comparison, the major contribution to SER scattering is by the metal rather than 
the adsorbate.  
 
3.2.2 Charge transfer (CT) or chemical enhancement 
This, also sometimes referred to as electronic enhancement, is considered 13,46 to 
contribute less than that due to EM enhancement towards total SER scatterings. This 
results from an interaction of the molecule-metal system in which molecular energy 
levels partially overlap with the metal conduction bands or surface plasmon. In other 
words the molecule bonds to the surface of the metal and the excitation occurs from 
electrons of the metal to the molecule and back to the metal again 9,44,50. This is a virtual 
excitation process in which the charge-transfer state can be partially resonant with the 
exciting radiation 126. This gives a large contribution to the Raman scattering cross 
section of the molecule-metal complex. The enhancement is normally by a factor of 10-
100.  
 
In most experimental systems a weak interaction is involved in the surface-molecule 
system and the molecular energy level partially overlaps with the metal conduction band 
resulting in the enhancement of the Raman intensity. Otto 127 found contributions of 
chemical enhancement in SER scatterings, through experimental evidence, of up to 
about 3x103 folds. In the absence of EM enhancement there would be no signal but the 
observation of the signal was determined by the chemical mechanism. Quantitative 
analysis and the prediction of the appearance of vibrational modes of adsorbed 
molecules can only be done through the understanding of the chemical effect. The 
chemical mechanism gains a little more importance in the detection field. In the case 
where the molecule is present but its contact with the metal surface has been broken, the 
possibility of its characteristic peaks appearing in the spectrum becomes negligible. 
Such a situation might occur when the specimen is forced away by a more strongly 
bonding molecule or when it might accumulate on the surface to the extent of blocking 
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the whole metal-molecule complex. In this case the chemical mechanism needs to be 
incorporated in the overall SER effect. 
 
Generally, the process of charge transfer can be described in four steps 49,126: 
• A photon is consumed in exciting an electron from the substrate into a excited 
electronic state.  
• The excited electron is transferred to the adsorbed molecule.  
• The excited electron comes back to the donor from the acceptor and at the same 
time a Raman photon is radiated.  
• The metal-molecules complexes are excited to the special vibrationally excited 
level of the initial electronic state.  
 
Although the exact mechanism of charge transfer contribution to SER intensity is still a 
controversial issue 55, it seems to depend strongly on the adsorption site occupied by the 
adsorbate and also on the adsorption orientation of the molecule. When the adsorption 
orientation of the molecule is changed on the surface, the charge transfer mechanism 
may be changed due to the change in interaction between the surface and adsorbate. 
SERS is also sensitive to the surface coverage and the components of the solution in the 
electrochemical systems 126. The theory for chemical contributions to the SER 
enhancement is still developing. One of the major reasons for its comparatively slow 
development is that it is much more complex than the EM mechanism127.   
 
3.3 Summary 
It is very difficult to quantify the contributions of the electromagnetic and the chemical 
mechanisms to the SER scattering, especially for the strong adsorption of molecules on 
the surface. Although some studies have considered both effects 9,13,46, it is still open to 
exploration as to whether or not there are some co-operative effects between the two 
mechanisms. In the field of detection, where the presence of the target molecule cannot 
be ignored just on the pretext of the lack of ability to interpret the SER spectrum, the 
knowledge of all aspects of SERS becomes apparent.    
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4. SAMPLES AND CHARACTERISTICS 
 
 
4.1 Introduction 
The research was mainly focussed on the detection of peroxide explosives and 
pentaerythritol tetranitrate (PETN). Peroxide explosives; triacetone triperoxide (TATP) 
and hexamethylene triperoxide diamine (HMTD), are being used in improvised 
explosive devices (IEDs) and are not detected by most of the conventional detection 
systems designed for the detection of nitro-based compounds. PETN is a nitro-based 
explosive and is also used in homemade IEDs. Its extremely low vapour pressure 
demands the use of a very sensitive system for the detection of its vapour.  
 
In addition to the main target analytes mentioned above, some well characterised 
Raman active samples namely; acetone, nitrobenzene and pyridine were also selected 
for experiments with Raman, resonance Raman and surface enhanced Raman 
spectroscopy. These samples also facilitated the setup phase and the optimisation of 
SER-active surfaces. Here, a few of the important characteristics of the analyte samples 
are presented. Further details can be found in the corresponding references.  
 
All the samples were obtained from the chemical laboratories and were either from Alfa 
Aesar, UK or from Fisher Scientific, UK. Peroxide explosives were synthesised within 
the laboratory by Dr T Bellamy. PETN was obtained from the existing stock. These 
samples were either used as received, diluted or in vapour state. Bulk samples were used 
to obtain reference Raman spectra for comparison during low concentration SERS 
analysis. Solvents used for making low concentration solutions will be discussed with 
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each experiment in subsequent chapters. In all SERS experiments, the solvent was 
allowed to evaporate before the Raman spectra were recorded.   
 
The ultra-sensitive analysis was done by exposing the SER-active surfaces to the 
headspace vapour from the sample (liquid or solid). The sample presentation is 
diagrammatically shown in figure 4.1. A known quantity of sample was contained in 12 
ml glass vials (figure 4.1, a) and SER-active surface was placed over the mouth of the 
vial with SER-active surface facing down as shown in figure 4.1 (b). For volatile liquid 
samples the time of exposure was restricted to a few seconds and the exact exposure 
time will be mentioned where the experiments are discussed. For solid samples the, 
exposure time was ~2 hours at normal laboratory conditions to allow vapour saturation 
within the vial. No external heating was done to expedite the evaporation of explosives.  
   
 
Figure 4.1 Diagram showing the sample presentation setup for the vapour detection. 
The SER-active surface is fabricated and analyte is put in the vial (a) and 
surface is put face down on the vial where it is exposed to vapour from 
the analyte (b). 
 
 
a 
b 
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4.2 Pyridine 
Pyridine is an aromatic compound resembling benzene. It is used as a solvent and for 
the demonstration of SERS for its good adsorption ability on metal surfaces. It is also an 
atmospheric pollutant and exists as a constituent of cigarette smokes. Basic properties 
128
 are given in table 4.1. 
 
  Table 4.1 Basic properties of pyridine. 
 
Molecular Formula C5H5N 
Molecular structure 
 
Appearance Colorless liquid 
Odour Putrid 
Density 0.9819 g/cm3 
Boiling point 115.2 0C 
Solubility It is polar aprotic,  
Versatile solvent 
Vapour pressure 2 x 103 Pa at 20 0C  or 
2.1 parts per hundred 
 
Pyridine has maximum UV absorbance between 330 to 350 nm. The Raman spectrum 
of liquid pyridine was recorded with an excitation wavelength of 785 nm by placing the 
pure sample in a cuvette and is shown figure 4.2. Table 4.2 gives the assignment of 
characteristic Raman vibrational modes of pyridine.  
 
Figure 4.2 Raman spectrum of pyridine recorded with a 785 nm excitation 
wavelength. 
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Table 4.2 Characteristic Raman modes of pyridine. 
 
Raman shift  
(cm-1) 
Characteristic mode 
647 Ring deformation 
987 Ring breathing 
1030 Trigonal ring breathing 
1215 Ring vibration 
1575 C=C stretch 
 
 
4.3 Nitrobenzene 
Nitrobezene is an organic compound found in both liquid and crystalline form. It is used 
as a mild solvent and as an oxidising agent and is known to be carcinogenic. It is found 
in shoe polish and may be used as an ingredient in the IEDs. Its basic properties 129 are 
given in table 4.3. 
  Table 4.3 Basic properties of nitrobenzene. 
 
Molecular Formula C6H5NO2 
Molecular structure  
 
Appearance Oily liquid 
Odour Almond like 
Density 1.19 g/cm3 
Boiling point 210.9 0C 
Soluble in Benzene 
Vapour pressure 
 
1.6 x 104 Pa at 20 0C  or 
16 parts per hundred 
 
 
The Raman spectrum of liquid nitrobenzene was recorded with an excitation 
wavelength of 785 nm by placing the pure sample in a cuvette and is shown in figure 
4.3. Table 4.4 gives the assignment of characteristic Raman vibrational modes of 
nitrobenzene. 
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Figure 4.3 Raman spectrum of nitrobenzene recorded with 785 nm laser 
wavelength. 
  
  Table 4.4 Characteristic Raman modes of nitrobenzene. 
 
Raman shift (cm-1) Characteristic mode 
610 Ring deformation 
850 Ring breathing 
1004 Ring breathing 
1107 Ring breathing 
1350 NO2 symmetric stretch 
1590 C=C stretch 
 
4.4 Acetone 
Acetone is a ketone and also known as propanone. It is flammable and is a good 
solvent. It is also used in synthesis of peroxide explosives. Its basic properties 130 are 
given in table 4.5. 
  Table 4.5 Basic properties of acetone. 
 
Molecular Formula C3H6O 
Molecular structure 
 
Appearance Colourless liquid 
Odour Characteristic 
Density 0.79 g/cm3 
Boiling point 56.3 0C 
Soluble in Water, ethanol, ether 
Vapour pressure 
 
3.1 x 104 Pa at 20 0C  or 
30 parts per hundred 
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The UV-vis spectrum show that acetone has absorbance maximum at 280 nm. The 
Raman spectrum of liquid acetone was recorded with an excitation wavelength of 785 
nm by placing pure sample in a cuvette and is shown in figure 4.4. Table 4.6 gives the 
assignment of characteristic Raman vibrational modes of acetone. 
 
 
Figure 4.4 Raman spectrum of acetone taken with an excitation wavelength of 785 
nm. 
 
  Table 4.6 Characteristic Raman modes of acetone. 
 
Raman shift  
(cm-1) 
Characteristic mode 
785 C3O skeletal 
1066 C-C stretch 
1223 C-H deformation 
1432 CH3 deformations 
1710 C=O stretch 
 
4.5 PETN 
PETN is a crystalline solid and is also called ‘Penta’. It is used in detonators, blasting 
caps, detonating cords, plastic explosives and also in IEDs. It is also used in medicine as 
a vasodilator.  It is sensitive to impact. Basic properties 131,132 are given in table 4.7. 
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Table 4.7 Basic properties of PETN. 
 
Molecular Formula C5H8N4O12 
Molecular structure 
 
Appearance White crystalline 
Density 1.77 g/cm3 
Melting point 141.3 0C 
Soluble in Acetone, benzene, ethanol  
Vapour pressure 
 
1.8 x 10-6 Pa at 25 0C  or 
18 ppt 
 
PETN show an absorbance maximum at 330 nm in a UV-vis spectrum. Raman spectra 
of solid PETN were recorded with excitation wavelengths of 514 nm and 785 nm and 
are shown in figures 4.5 and 4.6 respectively. Table 4.8 gives the assignment of 
characteristic Raman vibrational modes of PETN 133. 
 
 
Figure 4.5 Raman spectrum of PETN recorded with an excitation wavelength of 514 
nm. 
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Figure 4.6 Raman spectrum of PETN recorded with an excitation wavelength of 
785 nm. 
 
Table 4.8 Characteristic Raman modes of PETN. (reference 133). 
 
Raman Shift  Characteristic modes  
454 CH2 Wag, CCC deformation 
540 CH2 Wag, O-NO2 rocking vibration 
621 CCC deformation, O-NO2 in plane 
678 O-N stretch, CC stretch 
744 CCC deformation,  O-N stretch 
869 O-N stretch 
938 CCC deformation, CH2 torsion 
1044 CH2 torsion, CC bend 
1121 NO2  symmetric stretch 
1194 CCC deformation, CH2 Wag 
1251 CH bend 
1287 NO2  symmetric stretch, CH bend  
1402 CH2 Wag, CC stretch 
1470 CH2 scissors 
1659 NO2  asymmetric stretch 
2921 CH2 asymmetric stretch 
2988 CH2 asymmetric stretch 
3026 CH2 asymmetric stretch 
3085 Asymmetric CH2 stretch 
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4.6 TATP 
TATP is an organic peroxide in crystalline powder form. It is very sensitive to impact 
and heat and regarded as unstable. It is used as primary high explosive mainly in IEDs. 
Three peroxide functionalities give it explosive potential. TATP has about 88%, of TNT 
blast strength. TATP is one of the most sensitive explosives known. Unlike most 
explosives in use by the military and civilian entities, it contains neither nitro groups nor 
metallic elements. This makes its detection by standard methods difficult. Its basic 
properties are given in table 4.9 136-138.  
 
 
  Table 4.9 Basic properties of TATP. 
 
Molecular Formula C9H18O6 
Molecular structure  
 
Appearance White powder 
Density 1.18 g/cm3 
Odour Acrid 
Melting point 91 0C 
Soluble in Acetone, Butanone  
Vapour pressure 
 
7 Pa at 25 0C  or 
70 ppm 
 
 
 
It has no significant absorption within the UV and visible range and has no fluorescence 
characteristics 134,135. The Raman spectrum of solid TATP was recorded with an 
excitation wavelength of 785 nm and is shown in figure 4.7. Table 4.10 gives the 
assignment of characteristic Raman vibrational modes of TATP 139-141. 
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Figure 4.7 Raman spectrum of TATP recorded with a 785 nm excitation 
wavelength. 
 
 
  Table 4.10 Characteristic Raman modes of TATP. 
 
Raman Shift  
(cm-1) Characteristic modes  
553 O-C-O stretch 
616 O-C-O stretch 
865 O-O symmetric stretch  
943 O-O asymmetric stretch 
1200 C-O stretch 
1277 Ring stretch 
1450 CH3 deformation  
 
 
4.7 HMTD 
HMTD is an organic peroxide in crystalline powder form. It has about 60% of TNT 
blast strength. It is not as sensitive to impact as TATP, but is liable to spontaneous 
explosions under impact, friction, and temperature changes. There is no significant 
absorption within the UV and visible range and it has no fluorescence characteristics 
134,135
. It is used as primary high explosive and is also used in IEDs.  Its basic properties 
137,142, 143
 are given in table 4.11.  
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  Table 4.11 Basic properties of HMTD. 
 
Molecular Formula C6H12N2O6 
Molecular structure  
 
Appearance White powder 
Density 0.88 g/cm3 
Melting point 75 0C (decomposes) 
Soluble in Acetone, Butanone  
Vapour pressure 
 
0.03 Pa at 25 0C  or 
0.29 ppm 
 
The Raman spectrum of solid HMTD was recorded with an excitation wavelength of 
785 nm and is shown in figure 4.8. Table 4.12 gives the assignment of characteristic 
Raman vibrational modes of HMTD 139,141. 
    
 
Figure 4.8 Raman spectrum of HMTD recorded with 785 nm laser wavelength. 
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Table 4.12 Characteristic Raman modes of HMTD. 
 
Raman Shift 
 (cm-1) Characteristic modes  
413 Not identified 
576 Not identified 
766 O-O symmetric stretch  
901 O-O asymmetric stretch 
944 O-O asymmetric stretch 
1066 N-C stretch 
1450 CH2 deformation  
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5. EXPERIMENTAL - INITIAL WORK  
 
 
 
5.1 Introduction 
A series of experiments was conducted to gain expertise in the Raman spectroscopy of 
some energetic and relevant materials. These proved to be the stepping-stones in 
designing and conducting experiments based on RRS, SERS and SERRS. Each of the 
phases, for which evidences in the literature has been discussed earlier, will be 
discussed in the following order: 
 
a. Preliminary Raman spectroscopy with a non-laser source. 
b. Excitation laser wavelength dependence in Raman Spectroscopy.  
c. SERS with colloidal surfaces. 
d. SERS with fabricated solid surfaces. 
 
5.2 Specifications of Equipment 
5.2.1 Modified Spectrofluorometer 
A modified Spectrofluorometer, SPEX FluroMax, was used in emission mode to record 
Raman spectra. It had a Xenon lamp as the light source, a single monochromator as a 
filter and photomultiplier tube (PMT) as a detector. Raman scatterings were collected at 
900 from the excitation beam direction. It had wavelength resolution of 0.3 nm. Further 
details are given in appendix C. 
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5.2.2 UV-Vis-NIR Spectrometers 
The emission spectra over the UV-vis-NIR wavelength bands of some selected 
materials were recorded using a Perkin Elmer Spectrometer (Lambda 9) which was 
fitted with a deuterium lamp for the UV range and a Tungsten/Halogen lamp for the 
visible/NIR range. The system’s configurations are given in appendix D. 
 
The UV absorption spectra of all colloidal solutions were obtained with a UV-vis 
Spectrometer; Cintra 5 double-beam spectrophotometer with Visionite Scan-Version 1.0 
software. The colloidal suspensions were diluted to 10% in water and placed in a 1cm 
optical cuvette for analysis. Appendix E 
 
5.2.3 Spex 1404 Raman spectrometer 
The setup had a Spex 1404 (0.85 focal length) double monochromator and an 
Intensified Diode Array detector assembly (E G & G - type 1460). This was controlled 
by a matched (E G & G) Optical Multi-channel Analyser (OMA III). A Spectra Physics 
165 argon ion laser emitting in six wavelength bands; 514.5, 496.5, 488, 476.5, 465.8 
and 457.9 nm was used. Specifications are given in appendix F. 
 
5.2.4 Renishaw RM2000 Raman Microscope 
For SER scattering measurements with colloidal solutions, a Renishaw Raman system 
at the Institute of Material Structures, Madrid, Spain was used. Raman spectra from 
solid SER-active surfaces were recorded with the Raman system at Biophotonics 
research group, Gloucester Royal Hospital, Gloucester using a similar Renishaw Raman 
Imaging Microscope System RM2000, fitted with a Leica microscope and an 
electrically cooled CCD camera. The system in Spain was coupled with two lasers 
operating at 514 nm and 785 nm from argon and diode lasers respectively whereas, only 
a 832 nm diode laser was available with the system at Gloucester. The spectra were 
obtained using a 100 x objective. The laser power at the sample was ~2.0 mW. The 
spectral resolution was set at 2 cm-1. Appendix G 
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5.2.5 The commercial Raman system at our laboratory 
The Ocean Optics Raman Systems (R-3000), a fully integrated Raman Spectrometer at 
our laboratory was used to record the Raman spectra. The all-in-one system included a 
diode laser, a CCD-array spectrometer, a fiber optic probe and operating software and 
offered a wavelength resolution of 15 cm-1. It had thermoelectrically cooled CCD array 
detector, that allowed integration times of up to 4 minutes. It was coupled with a 200 
mW, 785 nm (red) solid-state diode laser giving a spectral wavelength range of ~200 to 
2700 cm-1. Appendix H. 
 
5.2.6 Digital surface profiler 
For surface characterisation, MicroXam Surface Mapping Microscope was used with 
Map Vue Ex surface mapping software. Appendix I. 
 
5.2.7 Microscopes 
Very rough surfaces were checked by either a Polyver Met Microscope fitted with 
CeberTek camera or a Richter Jung Optical microscope with CeberTek camera was 
used to capture surface images with ~x100 magnifications. 
 
5.2.8 Scanning electron microscopes 
For surface characterisation, two Scanning electron microscopes (SEM) JEOL JSM-
840A and LEO 435 VP SEM at variable pressure mode were used to take surface 
micrographs. The details are given in appendix J. 
 
5.2.9 Magnetron sputtering equipment 
Reactive DC-Magnetron Sputtering was used to coat silver films in an argon or argon–
oxygen environment at a pressure of ~2x10-3 mbar. A 75mm diameter silver disc of 
3mm thickness was purchased from Goodfellow, Cambridge for use as a sputtering 
target. The temperature of the substrate could be controlled from ambient to 5000C. Its 
details are given in appendix K. 
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5.3 Results and Analysis 
5.3.1 Preliminary Raman Spectroscopy with a non laser source 
A few basic experiments were conducted in order to test and set the wavelength 
calibration of the spectrometer system using known Raman lines of various samples. 
These experiments were intended to establish a best practice protocol for sample 
preparation and presentation as well as a practice for data acquisition and handling.  
 
Excitation profile of Acetone  
The modified FluroMax system was calibrated using the spectrum of acetone. The 
spectrum of acetone is shown in figure 5.1 measured with laser wavelength λi = 350 nm 
and integration time ti = 0.1 second.  
 
 
Figure 5.1: Raman spectrum of liquid acetone at λi = 350 nm. 
 
The excitation profile for acetone was recorded for 2995cm-1, the CH3 symmetric 
stretching mode over the excitation wavelength from 350 to 450 nm at 50 nm intervals, 
keeping the band pass at 5 nm and ti = 0.1 second. The logarithmic plot between Raman 
intensity IR and λi was drawn and is shown in figure 5.2. The trend line has been drawn 
showing 1.1% error bars. The relationship between Raman intensity and the excitation 
wavelength (represented by the trend line) was as defined in equation 3.5. This meant 
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that the Raman intensity varied with the inverse fourth power of the change in 
excitation wavelength in the absence of any effect of resonance.  
 
The spectral resolution of the system was very low and the excitation source had low 
power for sensitive Raman analysis, therefore, further experiments were conducted with 
a laser source and a high resolution Raman spectrometer.  
 
 
Figure 5.2 REP of CH3 asymmetric stretch at 2995 cm-1 of acetone within λi = 350 
to 450 nm. 
 
5.3.2 Excitation laser wavelength dependence  
The Raman intensity depends on the inverse fourth of the incident laser wavelength as 
was observed in the above experiment. This is true for a non-resonant (non-absorbing) 
region for the sample molecule. However, in the spectral region where the sample 
molecule starts to absorb, this dependence is no more valid and the effect of resonance 
becomes evident in the Raman spectrum and the mechanism is known as resonance 
Raman spectroscopy (RRS). As already discussed in chapter 2, it results in the large 
enhancements in the Raman scatterings. The material chosen for the preliminary study 
of RRS was a high explosive, pentaerythritol tetranitrate (PETN). Its details are given in 
section 4.5. The choice was based on its widespread use as a component of explosives 
and its well-characterised Raman lines.  
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The Spex 1404 double monochromator with OMA III system was used to record the 
Raman spectrum (section 5.2.3 above). A 514.5 nm output line from an argon ion laser 
was used for the experiment and a blocking filter was used to cut off excitation laser 
light from entering monochromator. The schematic of the experimental layout is shown 
in figure 5.3. The details of equipment and setup are given in appendix F. Power was set 
to 600 mW, with a slit size of 700 µm and exposure time of 1 second and the spectrum 
was recorded with 100 accumulations. The spectral data were normalised for the 
system’s wavelength response. The data were baseline corrected using Microcal Origin 
5.0 software. The spectrum recorded was similar to the one shown in Figure 4.5, and 
conform to the ones reported earlier 133.  
 
 
Figure 5.3 Schematic layout of equipment setup for collection of Raman scatterings 
at 900. 
 
Suggested vibrational mode assignments for PETN molecule were discussed in chapter 
4 section 4.5 and are given in Table 4.8. The absorption spectrum of solid PETN over 
the UV-vis wavelength band is presented in figure 5.4. It was recorded using the solid 
sample attachment of Lambda 9, UV-vis-NIR spectrometer. The spectrum showed the 
maximum absorption at around 330 nm and the gradual reduction until around 650 nm.  
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Figure 5.4 Absorption spectrum of PETN over the UV-vis-NIR wavelength 
showing the maximum absorption at ~330 nm.  
 
 
The Raman spectra were collected with six different wavelengths without using the 
blocking filter and keeping the slit size at 400 µm, an exposure time of 1 second and 
100 accumulations for each spectrum. No variations in settings were made during the 
experiment, except changing the laser wavelength. The spectra are shown in figure 5.5. 
The increase in Raman intensity with the decrease in the laser wavelength can be 
observed from the spectral comparison. The Raman intensity increased with laser 
wavelength closer to the resonance (absorption) wavelength. The lowest wavelength of 
457.9 nm was in a higher absorbance region as marked in figure 5.4. 
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Figure 5.5 Raman spectra of PETN recorded with six different wavelengths; 514.5, 
496.5, 488, 476.5, 465.8 and 457.9 nm marked from 1 to 6 in the same 
order. Normalised for laser intensities. 
 
The complete Raman spectrum is shown in figure 4.5 and the characteristics Raman 
frequencies are given in table 4.8. The NO2 symmetric stretch at 1287cm-1 is shown in 
figure 5.6, showing higher Raman scatterings intensity with a laser wavelength of 457.9 
nm than of 514.5 nm. Better comparison can be visualised by plotting the laser 
wavelength against the Raman intensity of the same vibrational group as shown in 
figure 5.7. The dotted line represents the trend line for the excitation wavelengths, 
excluding the lowest wavelength at 457.9 nm. A large anomalous enhancement in 
Raman intensity, as the excitation wavelength approaches a resonance condition beyond 
457.9 nm, was observed. A drastic enhancement was expected at a lower wavelength 
(UV-excitations) but it was not possible to investigate this in the present work due to the 
non availability of the shorter wavelength laser sources in the absorbing region of the 
explosive. 
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Figure 5.6 Raman spectra of PETN recorded with six different wavelengths 
showing increase in Raman intensity of peak at 1287 cm-1 with the 
decrease in laser wavelength.  
 
Figure 5.7 Graph showing the effect of changing λi on IR for the PETN peak at 1287 
cm-1. There is an increase in IR with the decrease in λi. Trend line for the 
excitation wavelengths from 465.8 nm to 514.5 nm is shown by the 
dotted line. 
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To evaluate the extent of resonance coupling, the excitation wavelength dependence of 
the Raman cross-section (REP) was constructed. In the non-resonance region, the 
relation between the excitation wavelength and the Raman intensity is given by 
equations 3.9 and 3.10. For this experiment the wavelength dependence of the five 
Raman vibrational modes (1044, 1287, 1659, 2988 and 3026 cm-1) of the PETN 
molecule were evaluated with five values of λi; (514.5, 488, 476.5, 465.8 and 457.9 nm) 
from an argon-ion laser. 
 
The REP was constructed on a natural log scale of both IR and the Raman shift 
(wavenumber). The results showed that the profile followed equation 3.10 for the five 
longer wavelengths but the intensity was enhanced considerably for the shorter 
wavelength (λi = 457.9 nm). This was considered to be due to the onset of resonance, 
where PETN started to absorb at around this wavelength, as shown in figure 5.4. The 
REP was plotted on a logarithmic scale as per equation 3.10 and is shown in figure 5.8 
for a few of the band peaks. The trend line for the higher wavelengths is shown as 
dotted and the trend line between the excitation wavelengths 457.9 nm and 465.8 is 
shown as hashed. The dotted lines showed near fourth power dependence in most cases, 
that held good for the non-resonant region. However, the sudden relative increase in the 
intensity shown by the hashed line was considered to be due to the resonance 
enhancement at shorter excitation wavelengths.  
 
The increase in intensity varied for different Raman bands, which may be due to the 
variation in response of the vibrational mode to the excitation wavelength. For bands 
showing resonance enhancement, some were more intense than others. The increase in 
Raman intensity of five different bands, given in orders of magnitude, with the decrease 
in excitation wavelength is shown in table 5.1. The increase in Raman intensity at the 
short wavelength (near resonance) was much higher than at longer wavelengths (far 
resonance). This was believed to be due to the onset of the resonance in this region. The 
average enhancement was around 4 times the magnitude of the normal scattering 
intensities with a few bands showing higher enhancement values.  
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Figure 5.8 REP for five different Raman bands of PETN showing resonance 
enhancement of Raman scattering. 
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Table 5.1 Increase in Raman intensity in order of magnitude of five different PETN 
bands with excitation wavelengths approaching resonance region. 
 
Rise in intensity between excitation wavelengths by factors Peak at 
465.8 - 457.9 nm  
(near resonance) 
488 - 514.5 nm  
(far resonance) 
514.5 - 457.9 nm 
(maximum) 
1044 cm-1 1.9 1.6 7.1 
1287 cm-1 1.8 1.3 4.1 
1659 cm-1 1.7 1.5 5.4 
2988 cm-1 2.1 1.2 5.2 
3026 cm-1 2.0 1.4 5.8 
 
Further experiments are needed to explore the full potential of the RRS. However, the 
results have shown that the normal Raman technique becomes comparatively more 
sensitive by merely choosing the near resonance excitation laser wavelength to achieve 
enhancement. The possibility of combining the resonance enhancement with the surface 
enhancement (SERRS) offers a sensitive analytical method.  
 
5.3.3 Surface Enhanced Raman Spectroscopy with metal colloids 
Metal colloids have been prepared by many methods for various applications over the 
last few decades. The preparation of colloids for application in SERS is directly related 
to the type of target molecule, system of analysis and the availability of equipment to 
prepare them. Even once the colloids are prepared keeping in view the analytical 
parameters, the performance of colloids remain variable due to other reasons, such as 
slight changes in preparation protocol, presence of impurities, laboratory/preparation 
environment, purity of starting material etc. Changes in preparation method cause 
changes in morphology of colloids which is the controlling factor of molecular 
adsorption as well as surface plasmon generation. The presence of even very small 
quantities of impurities may overwhelm the signal from the desired molecular species. 
The basics of this nanotechnology were experimented on during a short term scientific 
mission to the Institute of Material Structures at Madrid (Spain).  
 
Sample Preparation  
Both silver (Ag) and gold (Au) colloids were prepared. The aqueous solutions were 
prepared using tri-distilled water (TDW). All the glass materials were cleaned using 
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chromic acid solution and then rinsed many times with TDW before use. The methods 
of preparation used were by Citrate Reduction, Hydroxylamine Reduction and 
Borohydride Reduction, which have been referred to in chapter 2. Methods are briefly 
described here. 
 
Following the Lee and Meisel 53 method, 50 ml of a 10-3 M AgNO3 aqueous solution 
was heated to boiling. 1 ml of a 1% Trisodium Citrate (C6H5O7Na3) solution was then 
added to it. The mixture was kept boiling for 1 hour and then was allowed to cool down. 
The resultant colloidal mixture was of a dark grey colour. Gold colloids can be prepared 
in a similar manner. The silver colloids were prepared by the Leopold and Lendl 70 
method in which Hydroxylamine Hydrochloride (NH2OH.HCl) was used as a reducing 
agent. Firstly, 0.017 gm of Silver Nitrate (AgNO3) was dissolved in 90 ml water. 0.021 
gm of Hydroxylamine Hydrochloride (NH2OH.HCl) was dissolved in 5 ml water and 
4.5 ml of 0.1 M Sodium Hydroxide was added to it. The mixture was rapidly added to 
the AgNO3 solution under vigorous stirring and in a few seconds a grey-brown solution 
was obtained. Silver colloids were also prepared by the Creighton 82 method using 
Sodium Borohydride as reducing agent. Aqueous solutions of 10 ml of a 10-3 M AgNO3 
and 30 ml of a 10-3 M NaBH4 were prepared and ice-cooled separately. The AgNO3 
solution was added drop by drop to the  NaBH4 solution with vigorous stirring. The 
mixture was kept still for 1 hour and then vigorously stirred again for 10 minutes.  
 
Characterisation of metal colloids 
The colloids were characterised by UV-vis spectroscopy. The concentration was kept at 
1µl of colloid solution in 3 ml water and the spectra were recorded from 200 nm to 1100 
nm. The UV-vis spectra taken after one day of preparation of three silver colloids are 
shown in figure 5.9, and that of gold colloid in figure 5.10. Silver colloids prepared by 
the three different methods show differences in their spectral absorption characteristics, 
which was mainly attributed to the morphological differences. The absorption 
maximum of the colloidal solution provides information on the average particle size, 
whereas its full-width at half-maximum (fwhm) gives an estimation of particle size 
distribution. Colloids prepared repeatedly with the same methods gave more or less the 
same results. In some cases, they either aggregated during preparation or froze during 
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storage. Strict adherence to the preparation protocol and the use of clean apparatus is 
therefore vital. 
 
Figure 5.9 UV-vis absorption spectra of silver colloids prepared by three different 
methods. 
 
 
Figure 5.10 UV-vis absorption spectrum of gold colloid prepared by the Lee and 
Meisel method. 
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The silver colloids prepared using Hydroxylamine, Borohydride and Citrate as reducing 
agents had absorption maxima at 404 (±2) nm, 394 (±3) nm and 414 (±6) nm 
respectively as shown in Figure 5.9. A little difference in average particle sizes was 
observed. However, the fwhm of the same colloids were 149.5 nm, 81 nm and 196 nm 
respectively, showing a range of particle dispersion. Silver citrate colloids showed 
absorption at longer wavelength indicating the presence of larger particle sizes due to 
partial aggregation.  
 
Absorption spectra of gold colloids prepared by the citrate reduction method (figure 
5.10) showed an absorption maximum at 523.5 (±2) nm which was normal for gold 
colloids 82. The full width at half maximum (fwhm) was at 96 nm, indicating a small 
particle dispersion, and the absorption was negligible at longer wavelength, showing the 
absence of bigger particles.  
 
SERS Results 
SER spectra from colloidal solutions were recorded with a Renishaw Raman Imaging 
microscope fitted with CCD detector and lasers operating at 514 nm and 785 nm 
wavelengths were provided by argon and diode lasers respectively. Raman spectra of 
the colloids before adding the target molecule provided information regarding the 
background for subsequent SER scattering measurements as well as the presence of 
impurities, if any. It was also essential to check colloids after adding the aggregating 
agent because some impurities did not appear otherwise. Pyridine was selected as an 
analyte molecule, representing polluting species, with a nitrogen component and is a 
known Raman-active. The sample was diluted with triply-distilled water (TDW) to 
achieve various concentrations. SER spectra were recorded using a 1cm quartz cuvette. 
 
Raman measurements were recorded using both 514 nm and 785 nm lines. A fairly 
strong signal from Pyridine was obtained at 10-11 M concentration using gold colloid 
with KNO3 as the aggregating agent and a 785 nm diode laser. Figure 5.11 shows the 
Raman spectrum of pure pyridine and its SER spectra of 10-5, 10-8 and 10-11 M 
concentrations. A slight shift in peak wavelength (red shift) between the Raman 
spectrum of pyridine (figure 5.11a) and its SER spectra (figure 5.11 b, c & d) was 
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observed. This has been reported by others and was mentioned in chapter 2 9,41,42,49. 
Similar results were observed with silver colloids using λi = 785 nm. 
 
With an argon-ion laser, using silver colloids prepared with hydroxylamine as reducing 
agent, pyridine could not be detected even at 10-3 M concentration. Instead an altogether 
different band closely resembling the Rhodamine 6G molecule was detected (figure 
5.12) which was also reported to have appeared in previous studies as anomalous or 
spurious bands and discussed in chapter 2 57,108. This was only observed when using 514 
nm laser wavelength.  
 
 
Figure 5.11 SER spectra of pyridine from gold colloidal solution recorded with λi = 
785 nm; pure pyridine Raman spectra (a), at 10-5 M (b), at 10-8 M (c) and 
at 10-11 M (d) concentrations. 
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Figure 5.12 SER spectrum of 10-3 M pyridine in silver colloidal solution recorded 
with λi = 514.5 nm showing spurious band (see text in chapter 2 for 
explanation). 
 
pH dependency of Raman signal from colloids was also observed. It has been 
established that decrease in pH value results in enhancement of Raman intensity, 
decrease in bandwidth and changes in relative intensities of the bands. This is due to the 
progressive transition from a highly covered surface SER spectrum to a less covered 
one. The colloids having lower pH value showed more enhancement in Raman 
scatterings; like the unmodified gold colloids having 5.5 pH showed better results as 
compared to silver colloids having pH of 7-8. 
 
The positive results indicated that the SERS technique using metal colloids as SER-
active surfaces can be used for almost all the chemical analytical applications. It 
provides user with the flexibility to modify components to achieve optimum results. At 
the same time, a slight alteration in any of the aspect (such as colloid preparation, 
sample presentation or equipment settings) may give different results. Nevertheless, 
specificity as well as high sensitivity can be achieved using SERS for which various 
combinations of surfaces, lasers and sample presentation techniques can be adopted.     
 
5.3.4 SERS with fabricated solid surfaces 
SER-active surfaces can be prepared by many techniques as discussed in chapter 2. 
Some of these were experimentally evaluated, mainly with a view to justify the: 
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• Use of metal type for SER-active surfaces  
• Surface roughness (morphology) that support highly sensitive SERS 
• Protocol for fabricating such a surface   
 
Flat copper surfaces 
Copper discs of 20 mm diameter and 2 mm thickness were cleaned in acetone and then 
washed thoroughly in TDW. The top surface of the disc was physically removed and 
washed again with acetone and TDW. The PETN explosive weighing ~10 µg, was 
placed on the surface and then pressed with a clean metal to form a very thin layer over 
~1mm2 area. R3000 Raman system (section 5.2.5) was used to record Raman spectrum 
by focussing the laser directly over the area where explosive was placed and keeping ti 
as 30 seconds. The Raman spectrum in figure 5.13 showed the characteristic Raman 
peaks of PETN against a high background. The high background was considered to be 
due to the specular reflections from the copper surface (the system uses 1800 backscatter 
geometry as shown in appendix H) and could be reduced by baseline subtraction. 
 
 
Figure 5.13 Raman spectra of PETN in bulk and on copper disc recorded with λi 
=785 from a diode laser. ti = 30 seconds. 
The copper surface being non-Raman-active, had no contributions to the Raman signal 
and allowed the signal from a very small quantity of PETN to be analysed by this 
method that was otherwise difficult in both solid and dissolved forms. The experiment 
was repeated for RDX with the same sample conditions and the result, shown in figure 
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5.14, was recorded with ti = 20 seconds. The explosive was then dissolved in the 
acetone at ~10% (w/v) and 10µl was drop/dried on the similar copper surface. No 
Raman signal could be observed from the explosive material due to the low 
concentration of molecules on the surface in the absence of any surface enhancement 
effect.  
 
 
Figure 5.14 Raman spectrum of RDX in bulk and on Cu disc recorded with λi = 785 
nm. ti = 20 seconds. 
 
Laser ablated gold surfaces 
Laser ablated metal surfaces have been used as SER-active surfaces 84. In our 
experiment glass discs of 2.5 cm diameter coated with ~0.5 µm gold layer were used. 
These were exposed to shots from an Nd:YAG laser 1064 nm wavelength of 10 
nanoseconds pulse duration of various power levels to produce nano-scale roughness on 
the surface. The details of surface preparation and results are summarised in appendix 
L. The surfaces were studied under a microscope and images are also shown in 
appendix L.  
 
 
The effect of laser was not uniform primarily due to the non-uniform power density 
across the cross-sectional area of the laser pulse and presence of time varying hot spots 
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in the beam area. It was concluded that gold layer was too thin for the laser to produce 
effective roughness. Whenever the laser was higher or focused, it burned a hole through 
the layer and melted the edges. However, when the laser power was kept low or out of 
focus, there was no or very little effect on the surface and no surface roughness was 
observed. Raman Spectra were recorded by putting 10 µl from 1.5% (w/v) PETN 
solution (in acetone) on the surface but no measurable SER signal was observed. The 
surface could not be roughened with laser to suite the requirement of SERS. Fabrication 
of thicker gold surfaces is considered to be too costly. A laser with constant power 
density across the laser spot is expected to improve results. 
 
Etched Silver Surfaces 
Silver was economical to use as compared to gold. Therefore, silver slabs of 2 mm thick 
and 25x25 mm area having quoted purity of 99.95% were obtained from Goodfellow, 
Cambridge Limited. Slabs were cleaned thoroughly with alcohol and then with TDW. 
Silver slab was etched in 1:2 nitric acid : TDW solution for 2 minutes, thoroughly 
rinsed with water and then air dried. It was expected that acid solution would have 
cleaned the surface of any contamination. A droplet of 5 µl of 1% PETN solution (in 
acetone) was put on the surface and was allowed to evaporate. After drying, it was 
rinsed thoroughly with TDW several times to remove any deposited material and then 
air-dried. This was done to remove the residual layer of solution left on the surface 
which otherwise could obstruct Raman spectrum of PETN molecules adsorbed on the 
rough silver edges. This also precluded any chance of residual PETN left on the surface.  
 
The figure 5.15 shows SEM images of raw silver slab (a) and then etched disc at various 
magnification (b-f). The surface was roughened with the 2 minutes etch creating metal 
edges across the surface. 
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a    x20 
 
 b    x20 
  
c       x200 
  
  d           x2000 
 
 e            x5000 
  
f               x10000 
 
Figure 5.15 SEM images of silver slab before etching at 20 magnifications (a) same 
slab after etching in nitric acid solution at different magnifications (b-f). 
 
The surface morphology was also observed using surface profiler (section 5.2.6) and 
some of the images are shown in Figure 5.16. The roughness in terms of shape of the 
structures was not uniform that resulted in the reduced area of sharp metal edges. The 
surface was found to be etched in valleys with sharp ridges at the edges. A wide 
distribution was observed in the height of the edges and the sharp needle like 
protrusions on the surface were ranging in height from 300 to 1000 nm with 2-3 µm 
wide gap (valley) between them. 
        
Figure 5.16 Surface profiles of etched silver slab showing 300 to 1000 nm high 
needle like structures. 
 
Raman spectra were recorded before etching, after etching, after putting the droplet of 
PETN solution and lastly after washing away the residues from the surface. The results 
obtained with ti = 50 seconds are shown in figure 5.17. The etched surface gave low 
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metal background and no SER scatterings were observed after putting the small amount 
of PETN solution (10 µl) on the surface. This was expected to be due to the surface 
coverage by residue from solution after drying that did not allow the laser to interact 
with the molecules adsorbed at the metal edges.  
 
 
Figure 5.17 Raman spectra from etched silver slab before PETN droplet as 
background and of bulk for reference. SER spectra after putting small 
droplet of PETN solution, washing and drying and after 24 hours.  λi = 
785 nm. ti = 50 seconds.  
 
SER scatterings recorded after washing the surface (for any residue) showed 
characteristic Raman peaks of PETN molecule. The appearance of Raman spectra after 
washing off the residue indicated surface enhancement from the adsorbed PETN 
molecules within the surface plasmon. The number of molecules responsible for the 
Raman scatterings could not be estimated. Although the quantity of molecules in the 
PETN solution was high the solution was spread over much larger area (~4 cm2) than 
the laser diameter (~0.1 mm2) reducing the number of molecules settling in target area. 
The number of molecules that produced Raman signal would be much less than those 
settling within the laser diameter considering their further reduction during the 
evaporation of acetone and repeated washing of the surface with TDW. In addition, 
among the molecules adsorbed on the surface the enhancement in Raman intensity was 
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expected to have occurred from only those molecules that were actually adsorbed on the 
metal edges (hot spots). 
 
The SER spectrum was also observed after 24 hours as shown in figure 5.17. The silver 
surface oxidises in air, therefore, such a surface can remain useful for longer period if 
unexposed to atmosphere.   
 
In another experiment silver slab was etched for 2.5 minutes following the same 
procedure as in the experiment described above. Figure 5.18 shows the SEM images 
before and after etching at various magnifications. Surface roughness increased and 
became less uniform as compared to that of the earlier experiment due to the longer 
etching time. Surface morphology was checked by digital profiler but since the 
roughness was more than ~2000 nm no worthwhile images could be recorded 
(instrument limitation). 
 
a   x20 
 
 b   x20 
 
c   x200 
  
  d   x2000 
 
 e   x5000 
 
f   x10000 
 
Figure 5.18 SEM images of Silver slab before etching at 20 magnifications (a) same 
slab after etching for 2.5 minutes at different magnifications as indicated 
(b-f). 
 
The difference in the surface roughness could easily be observed at 20 times 
magnification. The formation of ridges across the surface were clearly visible from 
where the acid solution had etched the surface. Apart from the distinguished ridges the 
surface was generally devoid of sharp edges. The surface not only had comparatively 
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less number of metal edges but also the height of most of the structures was beyond the 
nano-scale dimensions.  
 
After fabrication was complete, a ~10 µl droplet from 0.5% (w/v) PETN solution in 
acetone was put on the surface. SER spectrum was also recorded in the similar manner 
keeping ti as 100 seconds and is shown in Figure 5.19. Although SER spectrum 
indicated presence of PETN, its very low intensity was indicative of combination of two 
factors: firstly, the concentration of PETN had been reduced to half which presented 
lesser number of adsorbed molecules for detection and secondly, the surface roughness 
had reduced in number and increased in height beyond the required scale for effective 
SER activity.  
 
Figure 5.19 Raman spectra of PETN (reference) and of etched silver slab after 
fabrication. SER spectrum of adsorbed PETN molecules.  
 
In these experiments, the enhancement in Raman intensity was not theoretically 
calculated but keeping in view the sample presentation and the adsorption phenomenon 
of molecules at the metal edges, it was expected to be at trace level. The technique for 
fabrication of SER-active surface was limited by the non-uniformity of the roughness 
that considerably reduced the number of useful adsorbing sites and thus the sensitivity. 
It also required thick metal surfaces as the starting substrate. 
0
1
2
400 600 800 1000 1200 1400 1600
In
te
n
sit
y 
(ar
b.
 
u
n
it)
.
Background
SER spectrum
Raman spectrum
Raman shift (cm-1) 
1287 
869 
621 
Chapter 5 – Experimental-Initial Work 
 89 
Silver-Coated Surfaces 
Ultra-sensitive detection with SERS depends mainly on producing the right type of 
surfaces. The need to produce uniformly rough SER-active surfaces that are 
reproducible and economical, have led to experimentations with metal coated surfaces. 
Realising the suitability of silver for SERS from the literature and confirmed by initial 
experiments, it was selected as the metal for further experiments. Although etched silver 
slabs gave excellent results but reusing the same after removing the used layer was 
found to be difficult and was found to render the surfaces unreliable. It was also 
important to preserve the surfaces for future references and that would have been too 
costly. Therefore, it was decided to fabricate surfaces by coating silver films over 
substrates that could then be roughened to achieve SER activity. For coating, high 
vacuum magnetron sputtering technique was chosen where the coating parameters could 
be effectively controlled.  
 
Two main techniques were evaluated to get the desired roughness on the coated 
surfaces, as discussed in chapter 2; rough films over smooth substrates or by using 
rough substrates for coating. An attempt was made to optimise the surface roughness to 
achieve the traditional SER enhancement. Experiments conducted are summarised in 
table 5.2.  
Table 5.2 Fabrication of SER surfaces using silver films deposition. 
Se
ria
l 
Substrate 
Film 
thickness 
(nm) 
Rate of coating 
(nm/second) 
Percentage of 
oxygen in 
chamber 
Substrate 
temperature  
(0C) 
Roughness* 
(rms in nm) 
Glass slide 20 0.2 Nil 25 2 
Rough Cu disc 20 0.2 Nil 25 1400 
Rough Al disc 20 0.2 Nil 25 ~2000 1 
Au disc 20 0.2 Nil 25 3 
2 Glass slide 20 2 Nil 200 10 
3 Glass slide cover  100 0.2 Nil 400 25 
4 Slide cover with 
silicon oil film 100 0.2 Nil 300 25 
Glass slide cover 13 5 Frosted glass 100 1 Nil 450 >1000 
6 Glass slide  100 2 Nil 400 20 
7 Glass slide  100 1 20 200 25 
* defined as the rms height of the spikes. 
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The surface at serial 1 in table 5.2 was fabricated with glass slide cleaned in piranha 
solution for 30 minutes and washed in TDW and then sputtered with 20 nm silver layer. 
The glass surface was almost flat with very small and smooth undulations. Figure 5.20 
shows the glass surface profile with the 20 nm silver layer showing ~2 nm roughness 
features and no sharp edges. Such a surface was not expected to be SER-active. 
  
Figure 5.20 Surface profile of glass substrate with 20 nm silver layer.  
 
The aluminium and copper substrates mentioned at serial 1 (table 5.2) were roughened 
by polishing to micron grade. The surfaces protrusions were ~2µm and therefore a very 
thin layer of 20 nm silver could not reduce the roughness to a level that supported 
SERS. On the other hand increase in silver layer reduced the sharpness (edges) of the 
structures and therefore desired level of roughness could not be achieved. In the 
experiment mentioned at serial 2 of the table 5.2, the substrate’s temperature was 
increased to 200 0C during sputtering. This technique  has shown to give fairly rough 
surfaces 88. It was expected to result in cluster formation over substrate presenting rough 
surface. In our experiments, the effect of thermal deposition increased the roughness 
features to ~10 nm but the shape of the features remained unchanged from the previous 
result shown in figure 5.20. 
 
With the further increase in temperature to 400 0C (serial 3 in table 5.2), the roughness 
was increased to the range of ~20 to 30 nm (rms of 25 nm) with only slight change in 
the roughness features. The experiment at serial 4 was conducted by depositing silver 
layer on heated substrate at 300 0C previously coated with thin layer (~1 µm) of silicon 
oil. It was expected to increase the roughness 85. The oil acted as a medium in which the 
depositing molecules could arrange themselves in a uniform crystalline patterns giving 
roughness at nano-scale with enough hot spots to give SER signal. The roughness of 
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features measured with digital profiler was between 20 to 25 nm with no sharp edges or 
crystalline structures. Experiment done with frosted glass having roughness in excess of 
1000 nm was also not successful. With thin film deposition the structures remained 
fairly sharp but the height of structures increased further. The thicker films did reduce 
the structure height but it resulted in the reduction of sharp edges. 
 
Thicker silver layers as mentioned at serial 6 and 7 of table 5.2 presented similar results. 
The sputtering in 20% oxygen atmosphere also did not increase the roughness as 
predicted 89. In the presence of oxygen the sputtered molecules were expected to form 
largely Ag2O molecules and therefore were considered to settle on the substrate as 
bigger particles giving higher roughness. The roughness remained in the range of 20 
nm. Two points were realised; the silver coating on smooth surfaces did not make the 
surfaces rough enough for a reliable SERS analysis and secondly the substrate should be 
roughened to a desired structural height before silver coating. 
 
Enhancement in Raman scattering was not observed for any of the surfaces prepared in 
these experiment due mainly to the lack of sharp edges or the structures not having the 
right height. The SER spectrum was obtained for these surfaces when the PETN 
solution in acetone was drop dried on the surface. The solution tends to distort the 
surface morphology during drying and the resulting surface presented sharp edges of 
structural heights in hundreds of nanometers. These experiments were conducted with 
the surfaces mentioned at serial 2, 3 and 6 in table 5.2.  
 
PETN solution in acetone at 0.08% (w/v) was prepared and 10 µl drop was placed on 
the surface which immediately spread and evaporated. This surface composed of a glass 
slide as substrate and coated with 100 nm of silver at 400 0C. The 3D images recorded 
by digital profiler after drying of PETN solution are shown in figure 5.21. It was 
observed that the surface had been modified by the evaporating solution forming 
crystalline structures on the surface. The ridges were closely located with uniform 
structural height of 400 to 600 nm. The ridges had sharp needle like ends. No change 
was noticed in the morphology of the surface after rinsing with TDW and heating at 40 
0C for 10 minutes. 
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Similarly, 1% PETN solution (in acetone) was spotted on a surface fabricated with glass 
substrate and coated with 100 nm silver layer at 450 0C. Again, at the place where the 
solution was spotted, there appeared crystal like patterns on the surface. The roughness 
features were 300 to 500 nm in height, visibly similar to figure 5.21 and are shown in 
figure 5.22.  
a  
b   c  
Figure 5.21 Profile images of 100 nm silver film spotted with 10 µl of 0.08% PETN 
solution,  showing uniform crystal like pattern giving roughness 400 to 
600 nm (a) and digital profile images of the features (b and c).  
 
The SER spectrum in figure 5.23 was taken with R3000 system keeping ti = 100 
seconds after spotting the surface with the PETN solution, air drying, rinsing it 
thoroughly with TDW and drying again. Some of the peaks were completely missing 
while others have undergone slight change in the Raman shift. Referring to table 4.8, 
peaks at 454 cm-1 and 869 cm-1 were clearly visible. Additionally, a peak at the 593 cm-1 
O-N stretch could also be observed. Note that the SER measurements as well as profile 
images were taken after thoroughly removing any residual layer from the silver film by 
TDW wash. 
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Figure 5.22: Profile images of 100 nm silver layer spotted with 10 µl spot of 1% 
PETN solution, showing crystal like structures having roughness of 400 
to 600 nm. 
 
 
Figure 5.23 Raman spectrum of PETN and SER spectra from 100 nm silver film 
sputtered on glass slide at 400 0C, spotted with 0.08% PETN. λi = 785 
nm. ti = 100 seconds.  
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For the surface shown in figure 5.22, the SER spectrum is shown in figure 5.24. The 
spectrum was collected with ti = 40 seconds and the peaks at 621 cm-1, 869 cm-1 and at 
1287 cm-1 were observed. Note that the enhancement of Raman scattering was due to 
the roughness produced by the crystal like structure formation on the silver surface 
which did not have sharp structures before spotting with PETN solution. 
 
To check the effect of solvent on the structure formation, PETN was dissolved in 
butanone to make 1% (w/v) solution and it was spotted on a 100 nm silver film on glass 
substrate in the similar manner as described above. The effect of PETN-butanone 
solution on the surface presented relatively less pronounced crystal patterns along the 
edge of the spot and almost no roughness in the centre. The images are shown in figure 
5.25. The silver surface before the analyte spot was fairly smooth with ~20 nm 
roughness features (figure 5.25 a)  In the centre of the spotted area instead of patterns, 
there were numerous holes deep into the silver layer with sharp needle like structures at 
the edges (figure 5.25, d and e). It seemed that the silver layer had been corroded at 
these places. 
 
Figure 5.24: Raman spectrum of PETN and SER spectrum of 1% PETN in acetone 
spotted on 100 nm silver film sputtered on glass slide at 450 0C. λi = 785 
nm. ti = 40 seconds. 
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a  b c  
d     e  
Figure 5.25: Profile images of 100 nm silver film over glass slide before spotting (a), 
rough patterns after PETN spot (b), magnification of ‘b’ at the edge (c), 
and the area in centre of spot (d and e). 
 
In another experiment Raman spectrum of substrate spotted with 1% PETN in acetone 
after washing away the residual layer was recorded with ti = 60 seconds. It showed 
peaks at 621 cm-1, 869 cm-1 and at 1287 cm-1 of  C-C-C deformation, O-N stretch and 
N-O2 symmetric stretch respectively and is given in figure 5.26. In case of PETN-
butanone solution, the Raman peaks of PETN had very low intensity and could not be 
positively identified. The spectrum is also shown in figure 5.26.  
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Figure 5.26 Raman spectrum of PETN and its SER spectra of 1% PETN in acetone 
and in butanone. The surfaces were fabricated with 100 nm silver film 
deposited on glass slides at 450 0C. ti = 60 seconds. 
 
The surface morphology observed in figures 5.21 and 5.22 may be near optimum for a 
SER scatterings but it only appeared after the analyte was spotted on the surface. These 
roughness patterns also decreased with increasing or decreasing PETN concentration in 
the solution. The same surface was spotted with various concentrations of H2O2 aqueous 
solution (10-2 to 10-5 M) and 10-2 M solution of pyridine, but neither SER signal nor 
formation of crystal patterns were observed. The substrates used in these experiments 
were placed in vacuum oven at 60 0C for six hours. The prominent crystal pattern 
disappeared but the spot stain did remain on the layer surface. The surface was again 
analysed for SER scatterings but no signal was observed.  
 
The surfaces fabricated with 100 nm sputtered silver layer in the presence of oxygen 
(20%) on glass slide at 200 0C were roughened by nitric acid etch for making SER-
active surfaces. Surfaces were etched in HNO3 solution for different durations to 
achieve surface roughness on the same lines as was observed with etched silver slabs 
described earlier. It was also envisaged that the etching process would liberate the 
oxygen from the surface particles leaving a very rough surface. The experimental 
0
0.5
1
1.5
2
2.5
3
400 650 900 1150 1400 1650
In
te
n
sit
y 
(ar
b.
 
u
n
it)
.
Raman spectrum
SER spectrum (acetone)
SER spectrum (butanone)
Raman shift (cm-1) 
1287 
869 
621 
536 
Chapter 5 – Experimental-Initial Work 
 97 
parameters and results are given in table 5.3. Too much time in the acid solution and the 
silver layer was removed and too less time would not create sufficient roughness on the 
surface. The workable concentration of HNO3 was found to be 7:22 with 2 to 3 minutes 
of etch and the surfaces had roughness ~50 nm. The roughness features were not sharp, 
widely placed and non uniform in height. These surfaces resembled etched silver discs 
in appearance shown in figure 5.16. 
Table 5.3 Parameters and results of 100 nm silver film etched in HNO3 solution to 
produce rough SER-active surface. 
 
Concentration (HNO3 : TDW) Etch Time  (minutes) Result 
7 : 19 & higher 1 - 2 Layer corroded 
7 : 22 1 No Signal 
7 : 22 2 SER spectrum recorded 
7 : 22 3 SER spectrum recorded 
7 : 22 4 Layer corroded 
 
Pyridine at 10-2 M solution was used as an analyte and enhancement in Raman 
scatterings was observed for 2 minutes etch time with 7:22 HNO3:TDW. Figure 5.27 
shows the Raman spectrum of pure pyridine as well as SER spectrum from 10-2 M 
pyridine solution. 
 
Figure 5.27 Raman spectrum of pyridine and SER spectrum after a drop of 10-2 M 
pyridine solution was put on 100 nm silver film that was etched for 2 
minute in HNO3 solution. ti = 5 seconds. 
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5.4 Conclusions 
The experiments outlined in this chapter were aimed at establishing an experimental 
protocol to optimize surface roughness for maximum surface enhancement of Raman 
scatterings. It was recognised that the preparation of SER-active surface is one of the 
most important aspects of whole process. All four stages of research have contributed 
towards better understanding of applied Raman spectroscopy and its advanced 
techniques. To this end, the following major conclusions are drawn: 
1. In the non-resonant region, the relation of Raman intensity with excitation 
wavelength is governed by the inverse fourth power. The onset of the resonance 
wavelength enhances the Raman intensity with the magnitude dependent mostly 
on the material properties. Tuneable lasers providing output of the resonant 
wavelength would enhance the SERS analysis. 
2. The selection of laser excitation wavelength is important for not only RRS and 
SERRS but also for SERS.  
3. In most cases, much higher enhancement is possible with the colloidal system than 
the larger metal surfaces. However, the coated metal surfaces seem to be simpler 
to prepare, economical, reproducible and more suitable for field use. These may be 
relatively more durable if specifically prepared for the purpose. 
4. The technique of fabricating SER-active surfaces only by controlling the 
deposition parameters of silver films on the plane substrates can simplify the 
process.  
5. It may be easier to deposit silver films over the rough substrates to make uniform 
SER-active surfaces. It may be relatively easy to prepare the substrate of 
appropriate roughness before metal coating. This would ensure reproducibility as 
well as simplicity. 
6. As the deposited silver films are sensitive to corrosive materials, such molecules 
(as peroxide based) should be used in lower concentration in SER experiments. 
7. For ultra-sensitive detection work, especially involving vapour detection, SER-
active surfaces would have to be fabricated with high concentration of nano-
structures of optimum heights. This was experimentally demonstrated. 
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6. EXPERIMENTAL – SURFACE ENHANCED RAMAN 
ACTIVE SURFACE FABRICATION 
 
 
6.1 General 
The optimum SER effect relies primarily upon the surface morphology of the substrate 
in addition to a host of other factors. Although high enhancement was achieved using 
silver-coated surfaces (as discussed in Chapter 5), two major limitations were also 
noted: 
 
a. Roughness achieved with sputtered silver layers was not of the dimension 
usually regarded to be the optimum for SER activity. 
b. These surfaces were not capable of achieving sufficient enhancement of 
Raman scattering so that the vapour deposited from solid samples at the 
normal laboratory temperature and pressure could be observed. 
 
Most of the techniques discussed earlier in Chapter 2 are capable of producing surface 
morphology to support SERS. However, not all were found to be suitable for vapour 
phase analysis, and accounts of a few important ones which have undergone tests have 
been included in Chapter 5. The technique based on Nanosphere Lithography (NSL) 
discussed in detail in Chapter 2 is considered to be most suitable for the present 
research. Surfaces fabricated with this technique were found to be efficient for 
adsorbing target molecules emanating from the liquids as well as from the solids having 
very low vapour pressure. Such surfaces do not require further modification to exhibit 
SER activity even for a very low concentration of molecules at the surface.  
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In this chapter, the details of substrate fabrication based on the NSL technique is 
discussed. The concept and basic design have been adopted from the published work by 
Van Duyne 80,97-99 and modified to suit our experimental setup and conditions of sample 
presentation. Two different types of substrates were used: glass and fused quartz. The 
justifications for the choice of substrates and their respective techniques of fabrication 
will be discussed in detail in this chapter and in Chapter 7. Nevertheless, it is important 
to simply highlight the reasons for this choice of substrate at this stage. Glass gives a 
very high background fluorescence/scatterings noise due to its chemical composition 
that make it impossible to get any useful SER signal without either effective 
background subtraction or long time data averaging, both of which are contrary to the 
concept of real time monitoring. Therefore, it became imperative either to use a glass 
substrate with modification prior to SER analysis or to use optical fused quartz to 
reduce high background noise to obtain acceptable signal to noise ratio (S/N).  
 
Since the techniques for the preparation of surfaces with the glass and the quartz 
substrates are different, they are described separately in the subsequent sections. It is 
noted that both types of substrates support SER activity and we have used the former for 
the presentation of molecules onto the surface via solution and the latter (for showing 
better SER capability) for the adsorption of molecules from vapour (from solid samples 
at standard temperature and pressure (STP)).  
 
6.2 Instrumentation  
The equipment used for these experiments has been described in Chapter 5 (appendices 
C-K). 
6.3 Glass-based substrate  
The SER-active surfaces based on glass substrates were fabricated with three different 
techniques that resulted in surfaces with different specifications. The fabrication 
procedure is described here and variations for modified SER-active surfaces are 
highlighted separately. 
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6.3.1 Materials  
Polystyrene latex micro-spheres (2.5 wt% dispersion in water, 2x1011 particles per ml) 
of 500 nm diameter were purchased from Alfa Aesar. A silver sputtering target of 2 mm 
thickness and 75 mm diameter having quoted purity of 99.9% was obtained from 
Goodfellow, Cambridge Limited. For glass based substrate preparation, super premium 
microscope slides of 1 mm thickness were purchased from Fisher Scientific, UK. The 
data sheet is included as appendix M. All other chemicals used were common 
laboratory grade materials. Tri-distilled water (TDW) was prepared in the laboratory 
and was used throughout the experiments.  
 
6.3.2 Surface fabrication procedure  
The glass slides were cut into small sizes (25 mm x 25 mm or 15 mm x 25mm) and 
were cleaned in Piranha solution (3:1, H2SO4 : 30% H2O2) for 30 minutes at 80 0C and 
rinsed thoroughly with TDW. These were etched in an ultra sonication bath in 1:1:5, 
NH4OH : 30% H2O2 : H2O for 1 hour to make the glass surface hydrophilic. These were 
rinsed thoroughly with TDW and kept in it until used.  
 
6.3.3 Nanosphere lithography   
The polystyrene nanospheres (PNS) were used in various concentrations to optimise the 
monolayer coverage. The nanosphere’s surface consists of negatively charged carboxyl-
terminated polymer molecules that have a strong hydrophobic nature. The detailed 
account of polymer charge behaviour in aqueous solution is discussed by Chen et al 144. 
The glass surface becomes hydrophilic on sonication in ammonia solution, it helps in 
strong adherence of nanospheres onto the surface. Suspensions between 1-2 x 1011 
particles per ml were used. The substrates were placed at various slopes between 0 and 
120 and ~10 µl solution of polystyrene nanospheres solution was dropped onto the 
surface. The nanosphere solution was allowed to flow under gravity leaving a 
monolayer over the area covered. The surface was then allowed to dry at room 
temperature. The process is shown schematically in figure 6.1. 
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Figure 6.1 Schematic of NSL process. The measured quantity of nanosphere 
solution is placed on inclined substrate (a) and the solution spread 
and flow to form mono-layer on evaporation of solvent (b). 
 
6.3.4 Silver Deposition  
The substrates with PNS monolayer were then placed in the chamber of a Reactive DC-
Magnetron Sputtering equipment. The chamber was evacuated down to ~2x10-5 mbar 
before injecting argon gas, raising the pressure to 2x10-3 mbar. At normal laboratory 
temperature, the substrates were then sputtered with a silver layer varying between 40-
300 nm thickness at the rate of 1 nm per second while being rotated at a slow speed of 
~10 rpm. The images in appendix K show the equipment and figure 6.2 show the 
samples placed on sample plate inside the chamber. 
 
80 
80 
a 
b 
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Figure 6.2 Photograph of the substrates coated with monolayer of 
nanospheres placed in the chamber of magnetron sputtering 
equipment.  
 
6.3.5 Nanosphere removal  
The substrates were sonicated in absolute ethanol at 40 0C for approximately 2 minutes 
to remove the layer of deposited nanospheres. The substrate were then washed 
thoroughly with TDW and used as soon as they were dry to avoid contamination. 
 
 
Figure 6.3 Removal of nanospheres by ultra-sonication in ethanol.   
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It is important to note some of the experimental considerations which had effected the 
properties of substrate fabricated by the method described above and shown 
schematically in figure 6.4(a). In the SER surfaces prepared using the above-mentioned 
technique, most of the exposed surface was found not to be covered with the silver 
structures. The S/N in the Raman spectrum due to the impurities within the exposed 
glass surface was far too low for useful analysis without an extensive background 
subtraction. This led to the evolution of two variants from the original method. It was 
decided to introduce a thin silver layer on to the glass surface either before the NSL 
process or after the removal of PNS, with the aim to stop the laser interacting directly 
with the glass surface. The variations are shown graphically in figure 6.4 (b and c). In 
either case, the laser does not come in contact with the raw surface of the glass substrate 
due to the additional silver layer and therefore the background florescence noise is 
largely eliminated.  
 
Figure 6.4 The basic NSL method (a) and the two variants for preparation of 
SER-active glass-based substrates (b) and (c). Enlargement of part 
of (b) is shown as (d). 
 
a
Glass substrate 
Clean
Etched 
Nanospheres introduced 
Pre-NSL 
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6.3.6 Variation 1 - Deposition of Pre-NSL Silver layer.  
A schematic layout of  this variation is shown in figure 6.4 (c). After cleaning with 
Piranha solution and etching in ammonia solution in an ultrasonic bath (discussed in 
section 6.3.2), the substrates were taken out of TDW, dried and placed in the chamber 
of the Reactive DC-Magnetron Sputtering equipment. They were sputtered with a silver 
layer of 10 or 15 nm thickness at the rate of 1 nm per second at the normal room 
temperature under the same pressure conditions discussed in section 6.3.4. The rest of 
the process of NSL, silver deposition and PNS removal remains the same. This variation 
in NSL procedure makes the technique difficult due to the reduced hydrophilic effect on 
a thin silver surface as compared to the glass surface. The flow rate of nanosphere 
increases and therefore the angle of substrate during the NSL process had to be reduced 
as discussed (vide afro). 
 
6.3.7 Variation 2 – Deposition of Post-NSL Silver layer.  
The substrate was fabricated as per the process discussed in sections 6.3.2 to 6.3.5. 
These were then put in the Magnetron Sputtering chamber and coated with a second 
layer of silver of 10-15 nm, keeping the chamber conditions the same as mentioned in 
section 6.3.4. A diagrammatic layout of such a surface is presented in figure 6.4 (b). 
Note the enlarged portion, figure 6.4 (d), showing the smooth finished surface as 
compared to the sharp edges achieved by the other two methods. 
6.4 Quartz-based substrates 
6.4.1 Materials.  
Optical fused glass (quartz) microscope slides were purchased from UQG ltd that had 
~94% transmittance at 785nm wavelength. The UV-vis-NIR and Raman spectra will be 
discussed in Chapter 7 and the data sheet is attached as appendix M. The slides were cut 
into smaller sizes of 25 mm x 25 mm or 15 mm x 25 mm. The rest of the materials were 
the same as mentioned in section 6.3.1 above.    
 
6.4.2 Surface Fabrication Procedure  
The nano-structured surface fabrication must be preceded by the preparation of a 
suitable substrate. The substrate fabrication process is explained diagrammatically in 
figure 6.5. The quartz substrates were cleaned in Piranha solution (3:1, H2SO4 : 30% 
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H2O2) for 30 minutes at 800C and rinsed thoroughly with TDW. These were sonicated 
in 1:1:5, NH4OH : 30% H2O2 : H2O for 2 hours to make the surface hydrophilic. These 
were rinsed thoroughly with TDW and kept in it until used.  
 
The remaining procedures for the NSL treatment, silver deposition and nanosphere 
removal was similar to that for preparing surfaces based on glass substrates (sections 
6.3.3-5). The process of NSL becomes a little difficult due to the reduction in 
hydrophilic effect on the optical fused glass as compared to ordinary glass. Again, a 
little reduction in the angle of substrate during the NSL treatment (discussed later) 
substantially compensated for this reduced hydrophilic effect.  
 
 
Figure 6.5 The diagrammatic layout of the method for preparation of SER-
active quartz-based substrates. 
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6.5 NSL structure characterisation   
6.5.1 Glass based substrates.  
As stated earlier, the SER-active surfaces were initially prepared with glass substrate. It 
took a series of experiments to achieve the correct protocol of substrate fabrication. The 
mono-layer formation of packed nanospheres is vital to achieve a uniform structural 
array that would ensure the maximum number of silver structures (or hotspots) suitable 
for higher enhancement of Raman intensities over the area of the substrate. Schematic 
surface models of substrates during different stages of fabrication are presented 
schematically in figure 6.6 for clarity. The surface at three stages of fabrication is shown 
in figure 6.7. The glass substrate coated with nanospheres to achieve a monolayer 
assembly is shown in figure 6.7 (b) and its model in figure 6.6 (b). It is then sputtered 
with a layer of silver [figure 6.6 (c)]. Finally, the silver structural array after removal of 
the nanospheres is shown in figure 6.7 (c), the height of which corresponds to the 
thickness of the sputtered silver layer and its schematic is shown in figure 6.6 (d).  
 
  
Figure 6.6 Schematic representation of the surface fabrication stages in a lithographic 
method. Glass substrate (a), with nanospheres (b), with silver layer (c) and 
after the nanospheres are removed (d).  
 
 
Figure 6.7 Surface fabrication stages by NSL technique. Glass substrate (a), with 
nanospheres (b), and after silver layer and the removal of the nanospheres 
(c).  
 
 
b 
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This configuration of a single array formed by the assembly of seven nanospheres, is 
given in figure 6.8. This structure array geometry has been described. It is deduced that 
the nanospheres of diameter 500 nm will have the distance between any two adjacent 
structures  ‘D’ (centre to centre distance of two adjacent structures) of ~288 nm and the 
average size of the structure ‘d’ (the length of the perpendicular bisector of largest 
inscribed equilateral triangle) of ~116 nm. The detailed calculations are given in 
appendix N.  
 
 
 
 
Figure 6.8 Configuration of a single silver structural array formed by the assembly 
of seven nanospheres. 
 
 
Such an array of nano-structures would provide around 106 structures in an area of 0.1 
mm2 which is approximately the size of the laser spot (at the target) in Raman scattering 
experiments using the Ocean Optic spectrometer (R3000). This meant that only about 
8% of the area was covered by the structures and the remaining 92% was that of 
exposed substrate which accounts for a very high background noise from the glass 
substrate (discussed later in Chapter 7). The structure concentration did not change with 
the changes in height of the structures as it was entirely dependent upon the diameter of 
the nanospheres and their arrangement on the substrate. The shape also remained 
approximately the same for the thickness of silver layer between 40 and 300 nm. 
Therefore the structural arrangement, their uniformity and their concentration were 
almost entirely dependent upon the nanosphere arrangement (for a specific diameter of 
nanosphere), thereby making nanosphere coating the most important stage of SERS. 
D
d 
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As mentioned before, the cleaned and etched substrates were kept in TDW until used. 
No observable difference was found due to the time of the storage and all the substrates 
were used within a four week period. The laboratory temperature remained between 21 
and 25 0C and both the PNS as well as the substrate were at the normal temperature 
before coating. The arrangement of nanospheres on the substrate was mostly governed 
by two variables; concentration of PNS and inclination of substrate during coating. By 
changing these preparation variables, the effects on the PNS monolayer were recorded 
and are summarised in table 6.1.  
 
Hydrophilic ability also plays an important role in the NSL process, but the variations 
could be effectively overcome by modifying the two main variables mentioned above. 
Other factors having a minor effect on the PNS monolayer like cleanliness of substrate, 
sputtering conditions, the nanosphere removal process and other laboratory conditions 
were kept controlled and whenever any flaw was detected, the preparation was 
discarded.  
 
The initial experiments were conducted on the glass substrates with ‘as-received’ 
samples (2x1011 particles.ml-1) and by increasing the inclination of the substrate from 00 
to 120 from horizontal. At a 00 to 40 slope the nanospheres tend to make a multilayer as 
shown in the SEM image in figure 6.9. Due to the hydrophilic nature of the treated 
glass, the nanospheres tend to stick to the surface and as the concentration of the 
nanospheres is high they bunch up in layers. For the nanospheres to be able to spread 
into a single layer, either the concentration of nanospheres needed to be reduced or the 
slope of the substrate required to be increased so that after the initial layer has stuck to 
the glass surface, the rest could flow over to the lower end.  
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Table 6.1 Effects on substrate’s morphology with the changes in PNS 
concentration and angle of coating. 
 
Substrate 
 
Concentration of PNS  
(particles.ml-1) 
Angle of 
substrate Effect on substrate morphology 
Glass 2x1011 00 Multilayer formation 
Glass 2x1011 40 Multilayer formation 
Glass 2x1011 60 Double layer formation with patches of 
mono-layer 
Glass 2x1011 80 Mono-layer pronounced *   
Glass 2x1011 100 Monolayer patches with most area covered 
with dispersed nanospheres  
Glass 2x1011 120 Most area covered with dispersed 
nanospheres with multilayer at lower half 
Glass 1.5x1011 60 Monolayer formation with patches of dispersed nanospheres  
Glass 1.5x1011 80 
Monolayer formation in patches with more 
areas of dispersed nanospheres and 
multilayer 
Glass 1.5x1011 100 Most area covered with dispersed 
nanospheres 
Glass 1x1011 40 
Monolayer formation in patches with more 
areas of dispersed nanospheres and 
multilayer 
Glass 1x1011 60 Most area covered with widely dispersed 
nanospheres clusters 
Glass 1x1011 80 Most area covered with widely dispersed 
nanospheres clusters 
Glass with 
10nm Ag 
under-layer 
2x1011 80 
Patches of monolayer and multilayer 
formations with widely dispersed 
nanospheres at places 
Glass with 
10nm Ag 
under-layer 
2x1011 60 
Patches of monolayer and multilayer 
formations with widely dispersed 
nanospheres at places  
Glass with 
15nm Ag 
under-layer 
2x1011 80 Monolayer patches with most area covered 
with dispersed nanospheres 
Glass with 
15nm Ag 
under-layer 
2x1011 60 Mono-layer pronounced *  
Glass with  
15nm Ag 
over layer 
2x1011 80 Pronounced monolayer. Over-layer does not 
change the surface morphology * 
*  Optimum results. See text 
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Figure 6.9 SEM image of multilayer of polystyrene nanospheres over treated 
glass surface.  
 
At a 60 inclination, few patches of monolayer were observed in the higher half of the 
substrate while the rest of the surface had multilayer. Figure 6.10 shows the edge of one 
such patch where the monolayer converts into a multilayer for a substrate kept at 60 
slope and coated with ‘as-received’ nanospheres (2x1011 particles.ml-1). 
 
 
Figure 6.10 SEM image of nanosphere monolayer formed at a 60 slope (A) converts 
to multilayer at the lower end (B). 
A 
B 
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A uniform monolayer was observed when the substrate was kept at an angle of 80 and 
coated with undiluted PNS. The nanosphere layer was observed to be uniform and 
without gaps, however, some gaps were observed at the higher end of the substrate 
which were due to the movement of much of the spheres to the lower end under gravity. 
An SEM image of the higher end is shown in figure 6.11 and provides a better picture 
of the distribution of nanospheres coated under an 80 slope.  
 
 
Figure 6.11 SEM image showing uniform monolayer assembly of substrate kept at an 
80 slope from the horizontal.  
 
Figure 6.12 shows a further magnified SEM image of a nanosphere assembly in a single 
layer that was not fully packed as expected. The breakages in geometrical arrangement 
is usual 79,100 in a self-assembly process and in this case it was also due to the variation 
in particle size. But even if the particle size distribution is ideally uniform, the 
uniformity of packing does not occur except for a rather smaller patch (domain size) 
within the coated area. This phenomenon does obviously result in a reduction of 
structural concentration (hot spots) but minor defects, as visible in figure 6.11, are not 
likely to cause any significant reduction in the effectiveness of the SER-active surfaces, 
keeping in view their very large number within the laser spot (around one million in 0.1 
mm2). 
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Figure 6.12 SEM image of a typical assembly of nanosphere in a monolayer. 
The circled areas show defects occurring due to the variations in 
particle size. 
 
A seriously defective area, however, can have a much lower concentration of structures. 
Such areas are not uncommon in laboratory-fabricated surfaces, but remains scarce if 
carefully prepared by strictly following the protocol in an industrial/commercial system. 
An illustration of a highly defective patch on a surface prepared with substrate at a 60 
slope coated with the ‘as-received’ nanosphere solution and sputtered with a 100 nm 
silver layer is shown in figure 6.13. Figure 6.13 (a) shows the SEM image of a broken 
monolayer and figure 6.13 (b) shows the SEM image of the similar kind of patch after 
removal of the nanospheres. A gap left in the monolayer appears as an island on silver 
coating indicated by ‘A’, whereas ‘B’ indicates an ideal cluster formation. 
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Figure 6.13 SEM image of a defective patch on a substrate kept at a 60 slope 
from the horizontal (a) and the similar patch after removing PNS 
(b). 
 
SEM images of a substrate prepared under similar conditions to that shown in figure 
6.14 and sputtered with 250nm layer of silver are shown in figure 6.14. These images of 
a mono-layer in figure 6.14 (a), the resulting structural cluster in figure 6.14 (b), the 3D 
image recorded with the digital surface profiler in figure 6.14 (d) and a single cluster in 
figure 6.14 (c) can be directly compared with the schematics in figure 6.6 and 
photographs in figure 6.7. The nanosphere arrangement in a uniformly packed area was 
as discussed earlier (also given in appendix N). A group of seven nanospheres form a 
silver structural cluster of six nanostructures having the predicted morphology.  
 
 
Figure 6.14 SEM images of PNS monolayer over glass substrate kept at an 80 
slope coated with a 150 nm silver layer (a), after removal of 
nanospheres (b), single cluster (c) and a 3D digital profile image (d). 
 
A
B
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With a further increase in the slope of the substrate, a deterioration in the uniformity of 
the mono-layer in most of the area of the substrate was observed. As described in table 
6.1, the nanospheres dispersed rapidly under gravity and did not form a monolayer. The 
inter-sphere distance increased as the slope was increased. Consequently, the bulk of 
spheres bunched up in a layer towards the bottom half and formed a multilayer. Figure 
6.15 show a surface prepared with undiluted nanospheres while the substrate was kept 
at 100 inclination from the horizontal. 
 
 
Figure 6.15 Surface prepared with undiluted nanospheres while the glass was 
kept at 100 from the horizontal.  
 
With the increase in the inclination to 120 the dispersion increased further. The SEM 
images in figure 6.16 (a and b) show widely dispersed nanospheres over most of the two 
similarly prepared substrate’s surface. After removal of PNS, most of the area was 
covered by silver with holes from where the nanospheres were removed. Microscopic 
image of such a surface is given in figure 6.17 (a), showing widely dispersed 
nanospheres, and its SEM image in figure 6.17 (b), showing that most of the area was 
still covered with silver while the places from where the nanospheres had been removed 
by sonication were scarce. Such a surface, due to the lack of uniform structural 
concentration, is not likely to be reliable for SER analysis. 
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Figure 6.16 Surface prepared with undiluted nanospheres while the glass was 
kept at 120 slope, show the widely dispersed nanospheres over the 
entire surface.  
 
 
Figure 6.17 Microscopic image of surface prepared similar to the one in figure 
6.16 with nanosphere removed (a) and further enhanced SEM 
image showing large silver islands (b).  
 
6.5.1.1 Surface fabricated with Pre-NSL layer  
A thin silver layer was sputtered onto the glass substrate before coating it with 
nanospheres. With a 10 nm layer, the monolayer did not assemble as desired, instead the 
nanospheres were clustered together leaving wide gaps in between. The SEM image in 
figure 6.18 shows the PNS coating resulting from an undiluted suspension with a 10 nm 
silver pre-layer during which the substrate was kept at 60 from the horizontal, expecting 
a reduced hydrophilic effect due to the silver under layer. The 10 nm silver layer was 
too thin to achieve a uniform layer and resulted in the gaps/islands across the surface. 
a b 
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The gaps in the silver layer retarded the free flow of nanospheres and they clustered 
together instead of forming a mono-layer. 
 
 
 
Figure 6.18 Glass substrate with 10nm silver layer coated at a 60 slope showing 
partial silver coverage and PNS could not form monolayer.   
 
Although full coverage of the substrate was achieved with 15 nm pre-NSL layer, the 
formation of a mono-layer was not as uniform as without the silver layer (figures 6.11 
and 6.12), mainly due to further reduction of hydrophilic effect of the glass substrate. 
Figure 6.19 presents an SEM image of the surface with 15 nm under-layer, coated with 
undiluted nanospheres at 60 slope. The various stages of fabrications of surface are 
shown in figure 6.20. The method of introducing the underlayer did solve the problem 
of excessive glass exposure, but the fabrication protocol became more complex. The 
uniform (and mono-layer) nanosphere coating over silver became difficult to achieve 
and a slight error in the procedure resulted in non-uniform spreading of nanospheres, 
primarily due to much reduced hydrophilic properties of the silver coated glass. A slight 
error can result in defective patches appearing within the surface similar to the one 
shown in figure 6.21 prepared with 15 nm underlayer and then coated with ‘as received’ 
nanospheres on substrate kept at 80 inclination.  
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Figure 6.19 Glass substrate with 15nm silver underlayer coated at 60 slope with 
undiluted nanospheres, showing PNS monolayer in less than an 
ideal geometrical packing.   
 
 
Figure 6.20 Surface fabrication process of a glass-based surface with 15 nm 
silver under-layer coated at a 60 slope. Glass surface (a) with a 15 
nm silver layer (b) with a monolayer of the nanospheres (c) and 
with the nanospheres removed (d). 
 
a b c d 
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Figure 6.21 Glass substrate with 15nm (non-uniform) silver underlayer coated 
at 80 slope with undiluted nanospheres, showing a highly defective 
domain.   
 
6.5.1.2 Surface fabricated with post NSL layer  
To avoid the complex/difficult process of substrate fabrication with silver underlayer, 
experiments were undertaken to sputter the silver layer after the removal of PNS with 
the aim of covering the glass substrate exposed to the laser (92.7% of surface). It was 
considered that the over-layer would sufficiently cover the exposed glass and at the 
same time would not affect the SERS capacity by changing the structural morphology. 
This procedure was therefore a trade off between easily depositing a highly uniform 
layer of nanospheres directly on to the glass surface and reducing the SER scattering 
capability. The reduction was considered to be from the additional silver deposited over 
the structures which could make the sharp structural edges (hot spots are considered to 
exist at sharp edges) slightly rounded off.  
 
A silver overlayer of 15 nm thickness (the thickness already observed to give complete 
coverage) was coated on to the prepared glass based SER-surface. The morphological 
effects of the additional layer could not be observed in the electron micrograph due to 
the very small film thickness as was explained schematically in figure 6.4 (b) and (d) 
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(section 6.3.7). Note the slight enlargement of structural size (not to scale) that result in 
smooth edges (exaggerated for presentation purpose). In the actual case the enlargement 
/rounding off the edges was likely to be considerably less.  
 
The SEM image of a substrate fabricated with undiluted nanospheres coated at an 80 
slope and sputtered to give a 250 nm thick layer as shown in figure 6.22 and was found 
to be similar to those in figures 6.11, 6.12 and 6.19. The microscope image of a similar 
surface prepared with 40 nm silver layer is shown in figure 6.23. Good geometrical 
packing of a nanosphere and monolayer formation over the large areas (visible in both 
the images) resulted in equally large domains of uniform silver structural clusters. Such 
surfaces are highly SER-active. The SER results are discussed in Chapter 7.  
 
 
 
Figure 6.22 Electron micrograph of glass substrate coated at an 80 slope with 
undiluted nanospheres and sputtered with a 250 nm thick silver 
layer.  
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Figure 6.23 Microscope image of glass substrate coated at an 80 inclination 
with undiluted nanospheres and sputtered with a 40 nm thick silver 
layer.  
 
6.5.2 Quartz based substrates  
The quartz substrates were tested to eliminate the need for applying silver under or 
over-layers. The substrate fabrication was carried out in a similar manner to the glass 
based substrates described earlier and is schematically shown in figure 6.5. The quartz 
cannot be made as hydrophilic as glass due to their different chemical composition that, 
in turn, makes NSL using quartz a slightly difficult process. The nanospheres, due to 
less attraction to the surface, tend to accumulate in clusters, leaving gaps in between 
while drying. The nanosphere coating becomes similar to that on glass substrates, with a 
15 nm silver under-layer resulting in surfaces similar to the one shown in figure 6.21. 
With the increase in time of ultra-sonication, etch in ammonia solution the substrate 
showed improvement in hydrophilic ability. Also the decrease in slope of the substrate 
during PNS coating allowed more time for the nanospheres to get settled in a mono-
layer rather than flowing off rapidly towards the lower end of the substrate.  
 
Therefore, to arrive at a final preparation protocol for the quartz-based surfaces it was 
decided to use the ‘as-received’ nanosphere solution and adjust the slope of the 
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substrate for a coating that gave the best uniform monolayer. Table 2 shows the 
summary of a series of experiments conducted to achieve reproducibility in monolayer 
formation. 
Table 6.2 Effects of angle of coating on assembly of nanospheres. 
 
Angle of substrate Result 
40 Double layer formation with patches of monolayer 
60 Monolayer pronounced 
80 Monolayer patches with most area covered with 
dispersed nanospheres 
 
Quartz substrates were coated with undiluted nanospheres as a further reduction in the 
concentration caused the nanospheres to flow rapidly over this surface even on slopes of 
less than 60. The substrate etched for 2 hours and kept at an 80 slope was coated with 
undiluted PNS. A poorly formed layer was observed having widely spaced bunches of 
nanospheres. The SEM image in figure 6.24 shows one such surface in which 
nanospheres can be seen grouping together in layers due to the reduced hydrophilic 
effect supplemented by the higher slope with larger islands of silver at places devoid of 
nanospheres. This surface was sputtered with 50 nm thick silver layer. The partial PNS 
removal was due to the less sonication time which, though not intentional, facilitated the 
study of surface morphological layout. 
 
  
Figure 6.24 SEM image of partially removed PNS from quartz-based surface coated 
with nanospheres at 80 slope and sputtered with 50 nm silver layer.  
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The results observed with the quartz etched for more than 2 hours and placed at 80 from 
horizontal were not much different. The formation of a monolayer was observed but 
with many defective patches and silver islands. The surface could not be used for 
reliable SERS analysis. Much better results were observed when the substrate was kept 
at a 60 slope for coating. Such surfaces could be safely regarded as similar to well-
fabricated glass-based surfaces without silver under or over-layers. The surface at three 
stages of fabrication is shown in figure 6.25. 
 
 
Figure 6.25 Surface fabrication process of a quartz-based surface with 60 nm 
silver layer coated at a 60 slope. Quartz substrate (a) with a 
monolayer of the nanospheres (b) and after silver coating and the 
nanospheres removed (c). 
 
 
Figure 6.26 shows a quartz-based substrate etched for 2 hours and fabricated using 
undiluted nanospheres applied at a 60 slope and sputtered with a 60 nm silver layer 
before PNS removal. The microscope and profile images of another substrate fabricated 
with a 70 nm silver layer showing a uniform nano-structural layout are presented in 
figure 6.27. Note the large domains of silver structures with fewer defects in both the 
surfaces. The bright spots are silver islands formed where the defects appear during the 
NSL process. In the microscope image, these silver islands appear larger than their 
original size due to their bright appearance and dominate an additional area around 
them. Such surfaces are expected to give very high enhancement of Raman scattering 
due to a high concentration of silver structures for the 500 nm diameter PNS. The SER 
results are discussed in Chapter 7. 
a b c 
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Figure 6.26 SEM image of a quartz-based surface having a 60 nm silver layer 
showing good mono-layer assembly.  
 
 
Figure 6.27 Microscope image of a quartz-based surface having a 70 nm silver 
layer (left) and a profile image of the same surface (right). 
6.6 Characterisation of surface plasmon resonance (SPR) of the SER-active 
surfaces 
Tuneability of nanostructures with different nanosphere sizes and varying thickness as 
of the silver layer has been discussed (vide infra) 58,98. With the change in the shape, 
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size or height of the nanostructures the optical properties of the substrate change. A 
SER-active surface of specific structural dimension absorbs more at a certain 
wavelength known as its resonance wavelength, λmax (or frequency νr = c/λmax) of the 
surface plasmon. It is also referred to as surface plasmon resonance (SPR) or, more 
precisely, local surface plasmon resonance (LSPR). A UV-vis-NIR (UVN) spectrometer 
can be used to determine the LSPR frequency of the surfaces.  
 
The use of single nanosphere size (500 nm diameter) restricted the structural size to 
~116 nm as shown earlier. No noticeable change was found in the structural shape with 
changes in the silver thickness between 40 and 300 nm, therefore no effect on the 
absorbance/transmittance was considered to occur due to shape/size. Any effect on the 
absorption property of the surfaces could be attributed to the height of the silver 
structures. Therefore, only the determination of changes in the LSPR with the changing 
sputtered silver thickness from 40 to 300 nm (only changing the structure height) was 
considered.  
 
Unfortunately, the available UVN spectrometer was not suitable for the LSPR study. It 
had a fixed light spot of 10 x 2 mm size that was considered to be much larger than the 
normal domain size of geometrically packed nanostructures. Unless the size of the light 
spot is equal or smaller than the uniformly packed domain size, the results would vary 
considerably. This is because of the inclusion of defected patches within the scanned 
area that would have larger silver islands due to disordered structural arrays. It has been 
reported 99,102 that a small change in either shape or height of the nanostructure results in 
a large shift in LSPR. For example 58 surface prepared with nanospheres of 540 nm 
diameter, with a 60 nm structural height and a 145 nm structural width (shape 
dependent) showed λmax ≅  720 nm. But the same surface with a 150 nm structural width 
(shape change with annealing) showed λmax ≅  497 nm. There was, therefore, a change 
of approximately 220 nm in LSPR with the change in shape that increased the structural 
width by only 5 nm.   
 
Due to the large light spot size of the UVN spectrometer (10 mm x 2 mm) and 
comparatively smaller domain sizes (maximum ~50 x 50 µm) our results could not 
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show a definite absorption region in UVN spectra. The beam spot size was large enough 
to cover geometrical defects that resulted in the non-uniform structure size distribution. 
This effect can be better realised by observing the absorption measurements discussed 
in Chapter 5, recorded with the metal colloids. Figures 5.9 and 5.10 show results of UV-
vis absorption of silver and gold colloids respectively. The peak width is the 
representation of the particle size distribution and the narrower the particle size 
distribution the narrower the peak width. In the case of surfaces prepared in our 
laboratory, structure size varied widely and resulted in a very wide band with no 
noticeable peaks.  
 
Nevertheless, the UVN spectra of surfaces fabricated with 40, 50, 60, 150 and 250 nm 
silver thick layers (structure height) are shown in figure 6.28. Although the resonance 
effect is evident from the increase in the absorbance with the decrease in the silver layer 
thickness, λmax cannot be deduced from these spectra. As discussed above, wide bands 
show a wide distribution of structure sizes. The analysis of fabricated surfaces (by SEM, 
microscope and 3D surface profiler) showed that the structures were geometrically 
arranged in clusters of the same shape and height (vide infra). The possible explanation 
for the wide distribution of size of structure observed in the UVN spectra is the 
inclusion of a large area under the beam spot that included defect regions in addition to 
the uniform clusters.   
 
The increase in absorbance value with the decrease in height of the structures can be 
related to the increasing resonance value. By drawing a parallel to the reported work 
99,102
, the λmax should be near 785 nm wavelength when the silver structural height is in 
40-50 nm region keeping the shape of the structures the same. Present results also show 
an increase in the absorbance that was considered to be due to the absorption effect. 
Table 6.3 shows the increasing absorbance at a wavelength of 785 nm for the 
corresponding decrease in the heights of the nano-structures. The same effect is 
graphically presented in figure 6.29. It is considered that the LSPR frequency is likely 
to be highest for the SER-surfaces fabricated with ~40-50 nm thick silver layers. These 
surfaces are likely to further enhance SER scattering intensity as compared to those 
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from the non resonant region (structure height > 50 nm). The SER results will be 
discussed in Chapter 7.    
 
 
Figure 6.28 UVN spectra of SER-active surfaces fabricated with different 
heights of nano-structures.  
 
Table 6.3 UVN spectral readings of SER surfaces fabricated with different heights of 
nano-structures with corresponding absorbance at 785 nm wavelength. 
 
Height of 
nano-structures (nm) 
Absorbance at 785 nm 
wavelength (%) 
250 48.7 
150 49.1 
70 51.8 
60 56.4 
50 58.1 
40 60.1 
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Figure 6.29 UVN spectral values showing increasing absorbance at a 
wavelength of 785 nm for the corresponding decrease in the 
heights of nano-structures.  
 
6.7 Summary 
A preparation protocol for the fabrication of SER active surfaces based on the NSL 
technique has been discussed. Glass based surfaces could not be used for reliable SER 
analysis due to the very poor S/N. Since the objective of the present research was to 
evaluate the possibility of avoiding long analysis times and background subtraction by 
long time data averaging, the S/N from the SER-active surfaces needed to be very high. 
The S/N had to be at a level where inherently weak signals from a few molecules 
adsorbed on the surfaces could be observed above the background noise.    
 
Glass based surfaces were therefore modified to cut off the entire background from the 
substrate constituents by introducing an additional silver layer. This was either coated 
on the raw substrate before the NSL process or after the surface was completely 
fabricated. A reduction in SER ability was visualised by observing the effects of the 
additional silver layer. This is evaluated in Chapter 7. 
 
Quartz-based surface, on the other hand, were difficult to perfect but, after the protocol 
was finally developed, they presented much better qualities as SER active surfaces. 
These surfaces had maximum possible structure concentrations with reasonably large 
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uniform cluster domain sizes. With optical fused quartz giving much less background 
compared to normal glass, these surfaces are likely to be appropriate for adsorbed 
molecules from analytes in vapour.     
 
The LSPR characterisation did not go as planned due to the unavailability of a suitable 
UVN spectrometer and the existing equipment could not be modified to analyse the 
surfaces. Nevertheless, some useful conclusions could be drawn from the UVN spectra 
recorded. The changes in the absorption properties of surfaces with the varying height 
of the structures was studied and compared with some of the published work. It can be 
concluded that the surfaces prepared with 500 nm diameter nanospheres having 40-50 
nm height of the structures would be in the resonance region of the surface plasmon. 
This would also be evaluated in Chapter 7. Actual characterisation of surfaces to 
determine λmax (LSPR) would be an important feature for future studies in the field.  
 
This technique of surface fabrication allowed us to prepare surfaces with considerable 
simplicity and reproducibility that facilitated SERS for a variety of analytes. The 
protocol adopted was found well suited to normal laboratory facilities apart from a few 
specialised items of equipment required for silver coating and surface characterisation.  
 
The full potential advantages of these surfaces as SER-active could only be evaluated 
after rigorous SERS analysis. Nevertheless, the observations made during the 
characterisation of these surfaces and their comparison with the published practical and 
theoretical work showed promising results.      
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7. EXPERIMENTAL – SERS RESULTS 
 
 
7.1 Introduction 
The experiments described in Chapter 5 have shown that the use of the SERS technique 
can greatly enhance the Raman intensity thus making it possible to analyse a very low 
concentration of sample that is otherwise not possible using the normal Raman 
spectroscopy. These experiments were conducted with solid samples dissolved in a 
solvent at trace concentrations to measure their limits of detection after their adsorption 
on specially prepared surfaces. Due to special properties of the explosive compounds, 
strong solvents were needed to be used and these affected the Raman measurements. It 
was found that the dissolved explosives (in acetone or butanone) caused changes in the 
surface morphology during the interaction/drying process on silver coated surfaces. This 
effect was likely to affect the NSL fabricated surfaces having the periodical arrays of 
nano-scale silver structures and gaps.  
 
The analyte solution (analyte in solvent) leaves behind a residue on the substrate on 
drying, which also gave a high Raman scattering and fluorescence as background noise. 
While such noise could be subtracted or eliminated with a laboratory-based high-
resolution, high-throughput spectrometer having a high background rejection factor this 
is not possible with the present experimental configuration using a portable low-
resolution Raman spectrometer. Sample presentation in the dissolved form was, 
therefore, not considered to be a suitable option for the detection of samples at low 
concentrations, especially when using a commercial (R3000) Raman system having a 
low resolution and a low background rejection capability. Nanosphere Lithography was 
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selected to achieve a desired surface morphology for ultra sensitive SERS analysis. In 
this Chapter, the results of experiments conducted using the surfaces fabricated with the 
NSL technique are presented. The analytes used were Pyridine, Nitrobenzene, TATP, 
HMTD and PETN. Their basic characteristics have already been discussed in Chapter 4. 
 
The vapour phase detection was carried out by putting a known quantity of explosive 
sample in a vial of known volume and then laying the fabricated SER-active surface 
onto its mouth such that the surface was exposed to the vapour rising from the solid 
explosive inside the vial. Raman spectra were recorded immediately afterwards. Details 
of the samples and the sample presentation process (figure 4.1) for detection of 
explosive vapour are given in Chapter 4. To establish a general idea of the 
quantification for the limit of detection (LOD), the headspace concentration of 
molecules that may encounter the SER-active surfaces during exposure are also given in 
Chapter 4.  
 
Fabrication of SER-active surfaces required extreme caution and care, as slight 
deviation from the preparation protocol would result in faulty surfaces incapable of 
achieving the desired sensitivities. Equally important and delicate were the processes of 
surface presentation and the recording of Raman spectra. On the whole, half the 
surfaces prepared were faulty (especially during the initial experimentations) and many 
of those that were well-fabricated got contaminated before or during the SER analysis. 
The faulty surfaces (as discussed in Chapter 6) were discarded after characterisation. 
The surfaces found to be contaminated (most of them with pyridine) in the SER analysis 
were disregarded and will not be discussed here. Therefore, the results mentioned are 
those considered to have some analytical value. Also, the results being discussed were 
reproducible, both in terms of surface fabrication as well as for detection by SERS. 
 
7.2 The limitations of glass substrates.  
The possibility of using ordinary glass as substrates was explored. The Raman spectra 
obtained with these substrates were overwhelmed by a very large background signal 
from the glass constituents like oxides of silicon, sodium, calcium etc present in high 
concentrations. The composition of the glass used in the present experiments (Fisher 
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brand, super premium, borosilicate) had a very high absorbance in the IR region of 
interest, and therefore, gave a very high signature during the Raman analysis. The 
Raman spectrum of a glass substrate recorded with only three seconds integration time 
(ti = 3 seconds), shown in figure 7.1, exhibits a very high intensity signal that was 
referred to as background noise for our experiments in the absence of any coating of 
silver or analyte. The R3000 Raman spectrometer had a dark noise subtraction facility 
but did not have the in-built option for the background subtraction. For effective 
background reduction from the glass substrate, the data had to be processed further, 
which would mean longer analysis time, thus loosing the much required real time 
detectability.   
 
 
Figure 7.1 Typical spectrum of a glass substrate showing a characteristic 
background, (ti = 3 seconds). 
 
For instance, in one of the initial experiments, done with glass substrate prepared by 
NSL and coated with 200 nm thick silver, 10 µl of a 10-2 M Pyridine solution (aqueous) 
was drop coated onto the substrate and allowed to dry. The SER spectrum of the 
Pyridine sample was compared to that of a spectrum of a pyridine sample in a cuvette in 
figure 7.2. The Raman lines of pyridine at 990 cm-1 and 1030 cm-1 belonged to ring 
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breathing modes and were barely visible in the SER spectrum. This was primarily due 
to the large noise background from the glass surface. The spectrum shown in figure 7.1 
is also included for comparison. It was obvious that most of the noise associated with 
glass was present in the SER spectrum with a very poor S/N. In figure 7.2, for the 987 
cm-1 peak of pyridine, the S/N is 379 as compared to 6.4 for the same peak in the SER 
spectrum. The two ring breathing modes at 990 cm-1 and 1030 cm-1 could not be 
resolved and were only visible as a combined wide peak. Also note that the ti for glass 
was only 3 seconds as compared to 8 seconds for the SER spectrum, but the noise level 
is similar due to the reduction in exposed glass surface to 92.3% and also because of the 
high enhancement of the Raman signal from the molecules adsorbed on the metal edges. 
 
Figure 7.2 SER spectrum of a 10 µl drop coating of Pyridine (10-2 M solution) on a 
glass-based surface (ti = 3 seconds). Raman spectra of bulk pyridine (ti = 
5 seconds) and of glass surface (ti = 3 seconds)  are also included for 
reference. 
 
In order to lower this background and improve S/N, special glass with better 
transmittance in the IR region was considered. Optical fused quartz used for as our 
substrate had quoted transmittance of ~ 94% in the NIR region (UQG Ltd; see appendix 
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13 for details) and had very small quantities of optical noise producing constituents. The 
Raman spectrum of the quartz substrate with ti = 3 seconds is shown in figure 7.3.  
 
Figure 7.3 The Raman spectrum of the clean quartz substrate with ti = 3 seconds.
  
 
This substrate offered a better choice for an effective SER-active surface than the glass. 
The background fluorescence was much lower in this case as compared to that of the 
glass. A weaker broad peak at ~ 400 cm-1 appeared mainly from a SiO2 vibration mode 
145
. Note that the intensity units are the same for figure 7.2 and 7.3 and the peak at 1387 
cm-1 in the Raman spectrum of glass had the intensity of 2.6 (arb. unit) as compared to 
0.1 for the peak at 400 cm-1 in the Raman spectrum of quartz. There was almost a 96% 
decrease in background noise level. Additionally, the background from the glass covers 
the entire useful fingerprint region (peaking at 1387 cm-1) whereas the optical fused 
quartz gave negligible noise at 400 cm-1 and almost none beyond that point. For direct 
comparison, typical spectra of glass and quartz are shown in figure 7.4. Note that the 
fluorescence background having a sharp peak at 1387 cm-1 in glass did not appear in 
quartz whereas the noise at ~ 400 cm-1 in quartz is also much higher in glass. 
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Figure 7.4 The Raman spectra of the glass and quartz substrates recorded with ti = 3 
seconds each.  
 
The background noise in the case of quartz-based SER-active surfaces was expected to 
further decrease with the decrease in exposed substrate area of the fabricated surfaces in 
a similar manner to that shown in figure 7.2 for a glass-based surface. For a nanosphere 
diameter of 500 nm, the estimated number of the resulting silver structures is around 
one million within a focussed laser spot dimension (appendix 14). This would reduce to 
around 8% of the substrate area in the ideally fabricated surfaces and more in 
geometrically defected regions. Therefore, quartz was preferred as substrate over the 
glass substrates. Glass substrates were only used with the modifications to the NSL 
method as discussed in detail in Chapter 6.  
7.3 SERS results as per the types of SER-active surfaces   
The SERS experiments conducted can be broadly divided into three major parts based 
on the substrate fabrication techniques used. These have been discussed in detail in 
Chapter 6 and are presented in this chapter under the following headings: 
a. Glass-based substrates with pre-NSL silver layer  
b. Glass-based substrates with post-NSL silver layer 
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c. Optical fused quartz-based substrates 
7.4 Glass-based substrates with pre-NSL silver layer  
As already described in Chapter 5, a 20 nm thick silver underlayer was sufficient for 
complete coverage of a glass substrate, allowing uniform NSL monolayer formation. 
Such a surface, although requiring extra care during monolayer coating, was found to 
give an enhancement high enough for useful SERS analysis using the R3000 Raman 
spectrometer. A large number of  experiments were conducted with two different silver 
underlayer thicknesses of 20 and 30 nm and by varying the final silver layer from 40 to 
300 nm. The summary of a few of the selected SERS experiments conducted is 
presented in table 7.1.  
 
Table 7.1 Summary of experiments conducted with glass-based substrate with pre-
NSL silver layer. 
 
Substrate 
Configuration Analyte 
Underlayer 
Thickness 
(nm)  
Structure 
Height 
(nm) 
Type 
Surface 
adsorption 
as 
Concentration  
or time of 
exposure to vapour  
Detection ; S/N of 
Characteristic 
breathing mode  
Remarks 
20 300 Pyridine pure Solution 
(drop) 
10-2 M 18.1 of 990 cm-1 Figure 7.5 
30 60 Pyridine 10-2 M Vapour 20 seconds 27.1 of 990 cm-1 Figure 7.6 
20 50 Pyridine 2.1 parts per 
hundred 
10 seconds 25 of 990 cm-1 Figure 7.7 
30 100 Nitrobenzene 16 parts per 
hundred 
20 seconds 7 of 1004 cm-1 Figure 7.8 
 
In figure 7.5, the SER spectrum shown was recorded after a 10 µl of 10-2 M pyridine (in 
water) drop was put on the surface and allowed to evaporate. The surface was prepared 
by coating a 20 nm thick pre-NSL layer and a 300 nm thick final layer. The Raman 
spectrum of a 10-2 M pyridine solution in a cuvette is also included as a reference. The 
strong ring breathing modes at 990 cm-1 and 1030 cm-1 were observed clearly with ti = 5 
seconds only. The S/N for the 990 cm-1 ring breathing mode was found to be 18.1. It 
was noted that the ring deformation and ring breathing modes at 650 cm-1 and 1215 cm-1 
respectively were missing in the SER spectrum. The changes in the SER spectrum both 
in terms of the shift in the peak wavenumber as well as the variation in the relative 
intensities is governed by the differences in selection rules for the SERS (discussed in 
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Chapter 2). Also, note that the signal from the glass substrate peak at 1387 cm-1 was 
completely removed.  
 
 
Figure 7.5 Normal Raman spectra of 10-2 M solution of pyridine in a cuvette (a) and 
the SER spectrum of the adsorbrd molecules on a SER-active glass-
based surface. ti = 5 seconds. 
 
As can be seen from the table 7.1, nano-structured surfaces  were also prepared with 20 
and 30 nm thick underlayers. The height of the structures varied from 50 to 300 nm. 
Within these conditions, it was observed that at the higher thickness of the silver 
underlayer the formation of the monolayer became erratic and non-uniform. 
Additionally, such surfaces did not exhibit any better quality or performance. In most 
cases, the monolayer was not formed due to the comparatively hydrophobic nature of 
the silver layer. Reproducibility decreased considerably with the increase in the 
thickness of the silver layer but the surfaces were found to remain SER-active 
irrespective of the thickness of the silver layer (40-300 nm).  
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One of the surfaces with 30 nm silver underlayer and a monolayer formation of PNS 
was later sputtered with 60 nm of a final silver layer. The surface was then exposed to 
headspace vapours from a 10-2 M pyridine solution for 20 seconds. The SER spectra 
shown in figure 7.6 were recorded with ti = 5 and 10 seconds as indicated. The two ring 
breathing modes appeared having S/N for the 990 cm-1 peak of ~ 18.35 and 27.1 for ti = 
5 and 10 seconds respectively. As mentioned earlier, there was no direct effect of the 
increase in the thickness of the underlayer on the enhancement in the Raman intensity. 
It only affected the formation of the monolayer and therefore the reproducibility of the 
surface. Once the monolayer was formed, the rest of the fabrication process was not 
affected and the SER-effect of the resulting surfaces were independent of the variation 
in underlayer thickness. 
 
Figure 7.6 Raman spectrum of 10-2 M pyridine in cuvette and SER spectra of 
pyridine exposed surface with ti = 5 and 10 seconds.   
 
The substrate with a 20 nm thick underlayer gave best results for a monolayer formation 
and hence for the SERS analysis. The result of another test is shown in figure 7.7. The 
glass substrate was fabricated with 20 nm thick underlayer and a 50 nm thick final layer 
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of silver. It was exposed to the headspace vapours of pure pyridine for ~10 seconds. A 
Raman spectrum was recorded both before and after exposing the surface to pyridine. 
The spectrum of the surface before exposure to the analyte shows negligible 
background, as compared to that of a glass background. The SER spectra of pyridine 
molecules adsorbed on silver nano-structures are shown in figures 7.7 recorded with, ti = 
3 and 5 seconds respectively.     
 
Figure 7.7 Raman spectrum of pure pyridine in cuvette, SER spectrum of surface 
before Pyridine exposure and after surface was exposed to pyridine 
vapour for 10 seconds with ti = 3 and 5 seconds as indicated.   
 
The two ring breathing modes at 990 cm-1 and 1030 cm-1 appeared strong as usual, with 
a S/N for the 990 cm-1 of ~ 19 and 25 for ti = 3 and 5 seconds respectively. This S/N 
value was considered better compared to the result discussed above (figure 7.6). 
Although the latter surface was exposed to pure pyridine instead of a 10-2 M solution the 
exposure time to pyridine vapour was reduced to 10 seconds and that the integration 
time was also reduced to 5 seconds. This meant that the latter surface was exposed to 
pyridine vapour for a shorter period and data accumulated over less time. The resulting 
S/N were found to be almost equal. This was considered to be due to the higher 
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enhancement in the Raman scattering in the latter case. The higher Raman intensity was 
considered to have a contribution from LSPR enhancement due to the 50 nm height of 
the nano-structures.     
 
Nitrobenzene was also used as a target analyte with a surface fabricated with a 30 nm 
silver underlayer and was later sputtered with 100 nm of final silver layer. The surface 
was then exposed to headspace vapours from pure nitrobenzene for 20 seconds. The 
Raman and SER spectra, recorded with ti= 5 and 10 seconds respectively are shown in 
figure 7.8. The ring breathing mode at 1004 cm-1 appeared strongest. The NO2 
symmetric stretch at 1350 cm-1, the ring vibration mode at 850 cm-1 and the C=C stretch 
at 1590 cm-1 were also identified. The S/N for the ring breathing mode at 1004 cm-1 was 
~ 7. 
 
Figure 7.8 Raman spectrum of nitrobenzene in a cuvette (ti = 5 seconds) and the 
SER spectrum of a surface exposed to its vapours for 20 seconds (ti = 10 
seconds) as indicated.   
 
The benefit of the silver underlayer in reducing the background noise from the glass-
based surface was positively realised. It was noted that the negligible background noise, 
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observed in a glass-based surface even with 20 nm thick silver underlayer, opened up 
the possibility of real time detection of species in trace concentrations with a portable 
Raman system. 
 
The intensity of a particular Raman peak, in the normal Raman analysis, was linearly 
proportional to the quantity of the target molecules being sampled if all the other 
experimental parameters were assumed constant. The Raman intensities in the 
experiments discussed above could not be compared directly from the spectra. Even if 
all the equipment settings, including the integration time, were kept the same, the SER 
spectra from two different points on the same SER-active surface could not be directly 
compared with respect to their Raman peak intensities. The reasons for such 
discrepancies are discussed below: 
 
Nano-structural configuration 
No matter how well the self-assembling monolayer was laid, the flawless domains were 
restricted to very small areas (a few square microns), therefore the number of defective 
lines within the area of the laser diameter (0.1 mm2) would always differ. This would, to 
some extent, vary the peak intensities among similarly prepared substrates and therefore 
would not allow straightforward comparison.  
 
Target molecule concentration 
The adsorption of molecules on to hot spots within the silver nano-structures could not 
be predicted with certainty. As the experiments were performed in normal laboratory 
environments, the distribution of molecules across the substrate was not considered to 
be even. Especially in the vapour phase analysis, the exposure time of (say) 10 seconds 
might not ensure the number of molecules being transferred to the SER-active surface 
were similar and uniform across the surface. 
 
Height of nano-structures 
The silver underlayer did not affect the surface morphology till the time the PNS 
monolayer was achieved. The effect of the height of the structures, on the other hand, 
could have been pronounced, as discussed in the earlier chapters. The enhancement in 
Raman intensities in the LSPR region (surfaces having 40-50 nm height of structures) 
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was likely to be much higher. However, variations like these would result from a variety 
of factors that influence the SER analysis, as discussed in Chapter 2. 
 
The reasons mentioned above are only three of the many factors affecting the SERS 
experiments. However, the ultimate aim of our research is not quantitative analysis but 
to investigate the ultra-sensitive detection potential of substrates fabricated with 
different experimental parameters and protocols. To this end, the identification of the 
target molecule at the lowest possible concentration and by the shortest possible time 
was being investigated. 
 
7.5 SERS analysis with glass-based substrates with thin silver overlayer  
The effects of the silver layer on the metal nano-structures have been discussed in 
Chapter 6, with the likely morphological changes schematically shown in figure 6.1 (b) 
and (d). Theoretically, the hot spots existed at the sharp edges of the structures 49 and 
when these sharp edges got flattened out (lost sharpness at edges) the SER enhancement 
factor was expected to decrease. Although the overlayer applied was thin (20 nm) 
compared to the height of the structures (40-300 nm), it was, nevertheless, found to 
reduce the effectiveness of the surfaces, as was observed during the experiments.  
 
The process was not believed to be workable for the surfaces having smaller nano-
structures because the smaller the structure height the more effect the overlayer had on 
the structure. For example, a 20 nm overlayer would have less effect on the surface 
having a structure height of 300 nm than a surface with 40 nm high structures. That 
meant the additional advantages of LSPR of the SER-active surfaces could not be 
gained. When an overlayer (20-30 nm) was added to a surface having a lower height of 
structures, say 50 nm, it caused larger changes in morphology compared to those with 
higher structures (200-300 nm). This meant that glass-based surfaces could preferably 
be fabricated with initial silver layers of 200-300 nm thickness.  
 
Therefore, due to the combined effect of loss of metal edges and the non resonant region 
of surface plasmon, the probability of a molecule being detected decreased and in some 
of the experiments performed on the surfaces prepared with this method, the presence of 
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target molecules (in the vapour phase) could not be detected. However, for surfaces 
with initial silver layer in the range of 200-300 nm, the SER enhancement achieved was 
high enough to detect the target molecules. Some of the results have been summarised 
in table 7.2. 
 
A surface prepared with a 20 nm silver overlayer on 250 nm high nano-structures was 
exposed to the headspace vapour of pyridine for 15 seconds. The Raman spectrum was 
recorded before and after the exposure to pyridine vapour, keeping ti = 10 seconds. The 
result is shown in figure 7.9. The S/N for the 990 cm-1 ring breathing mode was ~ 27. 
The Raman spectrum of a clean surface was essentially of silver, which did not give 
much background.       
 
 
Table 7.2 Summary of experiments conducted with glass-based substrate with 
silver overlayer. 
 
Substrate Configuration Analyte 
Structure 
Height  
(nm) 
Over 
layer 
 (nm)  
Type 
Surface 
adsorption 
as 
Concentration  
or time of 
exposure to vapour  
Detection ; 
S/N of peak 
identified 
Remark 
250 20 Pyridine Vapour 15 seconds 27  of 990cm-1 Figure 7.9 
225 20 Pyridine Vapour 10 seconds 22 of 990cm-1 Figure 7.10 
250 20 PETN Vapour 18 ppt 9 of 869cm-1 Figure 1 
Appendix 15 
225 20 PETN Vapour 18 ppt 13 of 869cm-1 Figure 7.11 
250 20 HMTD Vapour 0.29 ppm 15 of 766 cm-1 Figure 7.12 
225 20 HMTD  Vapour 0.29 ppm 11 of 766 cm-1 Figure 2 
Appendix 15 
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Figure 7.9 SER spectrum recorded with ti = 10 seconds, from surface exposed to 
pyridine vapour for 15 seconds. Raman specta of pyridine in cuvette and 
of background from substrate without exposure to analyte are also 
shown.   
 
In another experiment a glass-based surface having a silver structure thickness of 225 
nm and a sputtered overlayer of 20 nm after removal of nanospheres, was exposed to the 
headspace from pyridine for 10 seconds. Figure 7.10 presents the Raman spectrum of 
pyridine in a cuvette and the SER spectrum of adsorbed pyridine molecules. The ring 
breathing modes at 990 cm-1 and 1029 cm-1 were observed clearly with ti = 10 seconds. 
The S/N for the 990 cm-1 ring breathing mode was found to be ~ 22. All other 
prominent characteristic modes were too weak to be positively identified. In comparison 
with the result shown in figure 7.9, the low S/N could be due to the shorter time of 
exposure to pyridine vapour, assuming all other factors remained constant.   
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Figure 7.10 SER spectrum (ti = 10 seconds) from a glass-based surface exposed to 
pyridine vapour for 10 seconds showing ring breathing modes.  
 
The surfaces prepared with silver overlayer were also used to detect the solid 
explosives. This was achieved by exposing the fabricated surface to the headspace 
vapour from the explosive. Very small quantities of explosives were used for the 
experiments and due to their extremely low vapour pressures, the SER-active surfaces 
were exposed to the explosive vapour for a period long enough for the 
equilibrium/saturated vapour pressure to be reached. At this condition it was possible to 
calculate the concentration of molecules in the headspace so that an approximate limit 
of detection could be established. The details of the vapour concentrations have been 
discussed in Chapter 4 for each analyte separately.  
 
A SER-active surface, fabricated with a 225 nm sputtered silver layer and an additional 
20 nm of silver overlayer was exposed to the headspace vapour from the PETN 
explosive. The normal Raman spectrum and its SER spectrum recorded with ti = 10 
seconds are shown in figure 7.11. The C-C stretch mode at 869 cm-1 was identified and 
had a S/N of ~ 13.3. The O-NO2 symmetric stretching mode at 1287 cm-1 and the O-
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CH2 vibration at 1466 cm-1 could not be positively identified. The O-NO2 rocking 
vibration at 536 cm-1 was also visible but the C-C-C deformation mode at 621 cm-1 was 
not observed.   
 
 
Figure 7.11 SER spectrum (ti = 10 seconds) from a glass-based surface having a 225 
nm height of nano-strutures with a 20 nm silver overlayer when exposed 
to headspace vapour from PETN.  
 
HMTD was also detected by the surface fabricated with a 250 nm silver layer and an 
additional 20 nm silver overlayer. The surface was exposed to the headspace vapour 
from the HMTD. The Raman and SER spectra were recorded with ti = 10 seconds and 
are shown in figure 7.12. The peroxide symmetric stretch at 766 cm-1 appeared strong, 
having a S/N of ~ 15. The asymmetric stretching modes of peroxide at 900 cm-1 and 944 
cm-1 were too weak to be identified. 
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Figure 7.12 Raman (reference) and SER spectra (ti = 10 seconds) from a glass-based 
surface having 250 nm hight of nano-strutures with 20 nm silver 
overlayer when exposed to headspace vapour from HMTD.  
 
The enhancement factor for these surfaces was found to be lower than the surfaces 
without the overlayer because of the slight smoothing of the otherwise sharp metal 
edges and no additional enhancement from the LSPR. Nevertheless, the detection of 
molecules from solution as well as from the solid analyte was successful. The major 
problem was the poor S/N that made detection of the explosives difficult.  
 
Not every time the surface was exposed were the characteristic peaks observed. It was 
found that the detection of adsorbed molecules was only possible when the entire 
process of surface fabrication, sample presentation and Raman analysis was ideally 
followed. Though reproducibility was not good, the capability of SERS was 
undoubtedly confirmed, which was the main aim of our research.     
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7.6 SERS analysis with quartz-based substrates  
Quartz-based surfaces provided a better opportunity for sensitive analysis than the 
glass-based ones. Although detection of explosive vapours was successful with 
modified glass-based surfaces, much better results were observed with surfaces 
fabricated with quartz substrates. These SER-active surfaces were prepared with 
sputtered silver layers of thicknesses varying between 40 and 300 nm.  
 
The sensitivity of the SER process was found to depend mainly upon the analyte 
properties. This was true when the conditions of surface fabrication, sample 
presentation and Raman spectroscopic measurement were kept similar.  The analyte’s 
vapour pressure, surface adsorption and light absorption properties ultimately made 
them easier or difficult to detect. The SER-activity of each analyte is discussed 
separately below. 
7.6.1 SER spectroscopy of pyridine 
Pyridine being a well-characterised and widely tested sample for SER analysis, was 
used to investigate the SERS properties of the quartz-based nano-structured surfaces in 
our laboratories. It was found to have good adsorption ability for our silver-based 
surfaces and therefore could be detected under most of the experimental conditions. The 
results are summarised in table 7.3 for surfaces having different height of silver 
structures. 
 
Table 7.3 Summary of experiments conducted using pyridine with quartz-based 
surfaces. 
 
Structure height (nm) Analyte state/ 
exposure  
Detection ; S/N of peak 
identified Remarks 
300 Vapour-10sec 16 of 990cm-1  Figure 7.13 
250 Vapour-20sec 27 of 990cm-1 Figure 7.14 
200 Vapour-20sec 14 of 990cm-1 Figure 7.15 
150 Vapour-20sec 11 of 990cm-1 Figure 3 
Appendix 15 
80 Vapour-10sec 16 of 990cm-1 Figure 4 
Appendix 15 
50 Vapour-10sec 23 of 990cm-1 Figure 7.16 
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The identification of pyridine molecules was based on the two ring breathing modes at 
990 cm-1 and at 1030 cm-1. In the Raman spectrum, both these modes have equally 
strong peak intensity but in the SER spectrum the former appeared much stronger than 
the latter. In figure 7.13, Raman and SER spectra are shown. This surface was prepared 
with structures of 300 nm height. Raman spectrum were recorded with ti = 10 seconds. 
The surface was exposed to headspace vapour from the pyridine liquid for 10 seconds. 
The SER spectrum was recorded with the Renishaw Raman system at GRH (appendix 
7) using ti = 2 seconds with 20 accumulations. The substrate were prepared in our 
laboratory and transported to GRH in an air-tight container for analysis. The S/N for the 
990 cm-1 ring breathing mode was 16 compared to ~ 300 for the same peak in the 
normal Raman spectrum. A slight shift in the peak position was observed; from 990 cm-
1
 in the normal Raman spectrum to 999 cm-1 in the SER spectrum. 
 
Figure 7.13 Normal Raman spectrum of pyridine and SER spectrum recorded from a 
surface having 300 nm high silver structures exposed to the vapour from 
pyridine for 10 seconds. 
 
In another experiment at GRH using the Renishaw system, a surface having an average 
of 250 nm high structures was used, keeping ti = 2 seconds with 20 accumulations. This 
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was exposed to headspace vapour from pyridine liquid for 20 seconds. Figure 7.14 
shows the SER spectrum of adsorbed pyridine. The shift in the peak position was the 
same as in figure 7.13. The S/N of the 990 cm-1 ring breathing mode was ~ 27. A slight 
improvement in S/N may be due to the increased exposure time of the surface to the 
pyridine vapour or to the better enhancement effect of the surface with 250 nm high 
structures than the one having 300 nm high structures or the combination of the two 
factors.     
 
 
Figure 7.14 Normal Raman spectrum of pyridine and SER spectrum recorded from a 
surface exposed to the vapour from pyridine for 20 seconds having 250 
nm high structures. 
 
After establishing the SER ability of the quartz-based surfaces using high resolution 
equipment (Renishaw), similar experiments were conducted with the portable low 
resolution Raman system. A quartz based surface was prepared by sputtering a 200 nm 
silver layer and later exposed to headspace vapour from liquid pyridine for 20 seconds. 
Both Raman and SER spectra were recorded using ti = 10 seconds. The spectra are 
Raman shift (cm-1) 
0
50
100
150
200
250
300
500 700 900 1100 1300 1500
In
te
n
sit
y 
(ar
b.
 
u
n
it).
990 1030 
Chapter 7 – Experimental SERS Results  
 151 
shown in figure 7.15 and the S/N for the 990 cm-1 ring breathing mode was 14. The shift 
in peak position was the same as observed previously. 
 
 
Figure 7.15 Normal Raman spectrum of pyridine and SER spectrum recorded from a 
surface exposed to the vapour from pyridine for 20 seconds having 200 
nm high structures. 
 
The surfaces were gradually improved and, based on the study of the LSPR discussed in 
Chapter 6, the surfaces with structural heights in 40-50 nm region were expected to give 
higher enhancement than the surfaces believed to be in non resonant regions (structures 
higher than 60 nm). The SER results for pyridine generally supported the LSPR results. 
The S/N was found to improve when the surfaces had heights of 40-50 nm. Figure 7.16 
shows the SER spectrum of the adsorbed pyridine on the surface prepared with a 50 nm 
sputtered silver layer. The surface was exposed to headspace vapour from liquid 
pyridine for 10 seconds and the S/N was found to be 23 for the 990 cm-1 ring breathing 
mode.  
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Figure 7.16 Normal Raman spectrum of pyridine and SER spectrum recorded from a 
surface exposed to the vapour from Pyridine for 10 seconds having 50 
nm high structures. 
 
7.6.2 SER spectroscopy of Nitrobenzene 
Nitrobenzene, having a nitro group (NO2) on the side of the benzene ring, resembles 
some of the molecular structures of typical explosives. The positive charge on the 
nitrogen in the nitro group gives it good adsorption properties. It has a higher vapour 
pressure than solid explosives and therefore it was useful for preliminary experiments 
before solid explosives having comparatively lower vapour pressures were used. Some 
results are listed in table 7.4. 
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Table 7.4 Summary of experiments conducted using nitrobenzene with quartz-
based surfaces. 
 
Height of structure 
(nm) 
Analyte state/ 
exposure time 
Detection ; S/N 
of peak identified Remarks 
300 Vapour-60sec 5 of 1350 cm-1   Figure 5, Appendix 15  
250 Vapour-20sec 12 of 1350 cm-1   Figure 7.17 
50 Vapour-20sec 9 of 850 cm-1   Figure 6, Appendix 15 
 
 
Nitrobenzene was also detected by exposing the SER-active surface to its headspace 
vapour. The quartz-based surface was fabricated with a silver structure of average 
height ≅  250 nm and was exposed to the headspace vapour of nitrobenzene for 20 
seconds under normal laboratory conditions. The SER spectrum of this sample was 
recorded with a Renishaw Raman system at GRH from a surface (quartz-based 
substrate) prepared in our laboratory and transported to GRH in an airtight container for 
analysis. The data was collected for ti = 2 seconds and was averaged for 20 
accumulations. Figure 7.17 shows the normal Raman spectrum (in cuvette) of 
nitrobenzene and the SER spectrum from the adsorbed molecules. The NO2 symmetric 
stretch at 1350 cm-1 appeared strongest. The ring breathing mode at 1004 cm-1 and the 
ring vibration mode at 850 cm-1 were also identified. The S/N for ring breathing mode 
1004 cm-1 and the NO2 symmetric stretch at 1350 cm-1 were ~ 11 and 12 respectively. 
The spectra were base line corrected. 
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Figure 7.17 SER spectrum of nitrobenzene (vapour) adsorbed on a SER-active 
surface with 250 nm structure height recorded with a Renishaw Raman 
Microscope. 
 
 
7.6.3 SER spectroscopy of TATP 
TATP molecules do not have any nitrogen atom like other explosive/non-explosive 
molecules studied for SERS. The presence of nitrogen is known to provide an 
adsorption capability for such molecules on the nano-structured surfaces that is a pre-
requisite for effective SER activity. The peroxide group, O-O, in TATP molecules 
creates a positive charge on the adjacent carbon atoms. It is by one or more of these 
carbon atoms joining the two O-O groups and the two-methyl groups that TATP is 
likely to attach itself to the surface.  
 
Some of the results showing detection of TATP are presented in table 7.5. These 
experiments were conducted by exposing the SER-active surface to the headspace 
vapour from TATP. The headspace vapour concentration was around 70 ppm. 
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Table 7.5 Summary of SERS results recorded with quartz-based surfaces showing 
detection of headspace vapour from TATP at 70 ppm concentration.  
 
Structure height (nm) Detection ; S/N of peak identified Remarks 
250 13 of 945 cm-1 Figure 7.18 
225 9 of 945 cm-1 Figure 7.19 
200 6 of 945 cm-1 Figure 7, Appendix 15 
80 16 of 945 cm-1 Figure 7.20 
70 9 of 945 cm-1 Figure 8, Appendix 15 
50 12 of 945 cm-1 Figure 9, Appendix 15 
 
Figure 7.18 presents the SER spectrum of TATP vapours adsorbed onto a quartz 
substrate having 250 nm high silver structures. The substrate was exposed to the 
headspace vapour of the explosive under normal laboratory conditions and a Raman 
measurement was taken with ti = 10 seconds. The asymmetric O-O stretch mode at 
around 945 cm-1 was found to be stronger than the otherwise strong peroxide symmetric 
stretch and the O-C-O vibration at 865 cm-1 and 550 cm-1 respectively. The 
characteristic asymmetric stretch at 945 cm-1 had a S/N of ~ 13. 
 
Figure 7.18 Normal Raman spectrum of TATP and its SER spectrum recorded from a 
surface (quartz-based) exposed to the headspace vapour, prepared with 
250 nm thick sputtered silver layer. 
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A SER-active surface fabricated with 225 nm high silver structures was exposed to the 
headspace vapour of TATP. The result is shown in figure 7.19 recorded with ti = 10 
seconds. The S/N for the asymmetric stretch at 945 cm-1 was ~ 9.  
 
 
Figure 7.19 Normal Raman spectrum of TATP and its SER spectrum recorded from a 
surface (quartz-based) exposed to the headspace vapour, prepared with 
225 nm thick sputtered silver layer. 
 
 
The SER spectrum recorded on a surface fabricated with a 50 nm sputtered silver layer 
show similar results with a S/N of ~ 12 for the asymmetric stretch at 945 cm-1 with ti = 
10 seconds. Therefore the TATP was detected with surfaces having structural height 
varying from 300 to 50 nm. No drastic increase in Raman intensity was observed for 
surfaces having a structure height of 50 nm that are thought to be in the LSPR region.  
 
The SER spectrum shown in figure 7.20 was obtained with a quartz-based surface 
having 80 nm structural height. It was exposed to TATP headspace vapour and the SER 
spectrum was recorded with ti = 10 seconds. The O-O asymmetric stretch at 945 cm-1 
had S/N of 16. 
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Figure 7.20 Normal Raman spectrum of TATP and its SER spectrum recorded from a 
surface (quartz-based) exposed to the headspace vapour, prepared with 
80 nm thick sputtered silver layer. 
 
7.6.4 SER spectroscopy of HMTD 
Unlike TATP, the HMTD molecule has no single ring configuration and also has two 
nitrogen atoms within the complex molecular structure. The N-C bond provides a likely 
adsorption orientation at these nitrogen junctions. Like TATP, HMTD was also detected 
by exposing SER-active surfaces to headspace vapour from the explosive. The 
headspace vapour concentration was around 0.29 ppm. The results of some of the 
typical spectral analyses are listed in table 7.6. 
 
Table 7.6 Summary of SERS results of quartz-based surfaces showing detection of 
headspace vapour from HMTD having a concentration of 0.29 ppm. 
Structure height (nm) Detection ; S/N of peak identified Remarks 
250 10 of 766cm-1 Figure 7.21 
250 19 of 766cm-1 Figure 10, Appendix 15 
225 8 of 766cm-1 Figure 11, Appendix 15 
100 6 of 766cm-1 Figure 12, Appendix 15 
70 15 of 766cm-1 Figure 13, Appendix 15   
60 10.5 of 766cm-1 Figure 7.22 
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The SER spectrum of HMTD molecules adsorbed on a quartz-based surface fabricated 
with a 250 nm thick silver layer exposed to its headspace vapour is shown in figure 
7.21. The Raman spectrum of solid HMTD is also shown as reference. The spectra were 
recorded with ti = 10 seconds. The peroxide symmetric stretch at 766 cm-1 appeared as a 
wide peak in the SER spectrum having S/N of ~ 10. The wide peak may be due to the 
complex nature of the molecular structure of HMTD and the restriction imposed on the 
molecular vibrations on adsorption or to the noise associated with quartz that appears 
around 800 cm-1. The asymmetric stretching modes of peroxide at 901 cm-1 and 944 cm-
1
 did not appear convincingly but a peak did appear at 975 cm-1 where there is usually a 
weak shoulder of a peak at 944 cm-1.  
 
 
 
Figure 7.21 Normal Raman and SER spectra recorded from a quartz-based surface 
with 250 nm high silver structure exposed to the headspace vapour of 
HMTD.  
 
 
The detection of HMTD in the LSPR region presented similar results to those observed 
with much larger structural heights. Figure 7.22 shows the Raman and SER spectra 
obtained from the surface having 60 nm high structures when exposed to the headspace 
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vapour from HMTD. With ti = 10 seconds, the S/N for the symmetric O-O stretch at 766 
cm-1 was ~ 10.5 and it also appeared as a wide peak. 
 
Figure 7.22 Normal Raman and SER spectra recorded from a quartz-based surface 
with a 60 nm silver structure exposed to the headspace vapour of HMTD.  
 
7.6.5 SER spectroscopy of PETN 
PETN, has a structure typical of most explosives with four nitro groups giving it good 
adsorption properties, but its detection becomes challenging in the vapour phase 
because of its much lower vapour pressure compared to the peroxide explosives and 
other analytes discussed above. The headspace vapour concentration was around 18 ppt. 
The PETN molecule is considered to attach to the silver surface through the positive 
charge on the nitrogen atoms. PETN was detected using quartz based SER-active 
surfaces and the the results are presented in table 7.7. 
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Table 7.7 Summary of SERS results of quartz-based surfaces showing detection of 
headspace vapour from PETN having a concentration of 18 ppt. 
Structure height (nm) Detection ; S/N of peak identified Remarks 
250 15 of 1287cm-1 Figure 7.23 
250 5 of 1287cm-1 Figure 14, Appendix 15 
225 6 of 1287cm-1 Figure 15, Appendix 15 
200 11 of 1287cm-1 Figure 7.24 
80 13 of 1287cm-1 Figure 16, Appendix 15 
60 22 of 1287cm-1 Figure 7.25 
40 18 of 1287cm-1 Figure 7.26 
 
The spectrum in figure 7.23 was recorded with a quartz-based surface fabricated with a 
250 nm thick sputtered silver layer which was exposed to the headspace vapour from 
the explosive. Raman spectra were recorded with ti = 10 seconds. The O-NO2 
symmetric stretching mode at 1287 cm-1 (S/N was ~ 15) and the O-CH2 vibration at 
1466 cm-1 could be identified. The C-C-C deformation mode at 621 cm-1 and the O-NO2 
rocking vibration at 536 cm-1 were also visible. The normally strong C-C stretch at 869 
cm-1 was hidden in the background noise and could not be clearly identified.  
 
Figure 7.23 Normal Raman spectrum of solid PETN and its SER spectrum recorded 
from a quartz-based surface having 250 nm high silver structures, 
exposed to the headspace vapour. 
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With a surface having a silver structure height of 200 nm, the result of detection is 
shown in figure 7.24. All conditions of sample presentation and Raman measurements 
were kept the same as above.   The characteristic O-NO2 symmetric stretching mode at 
1287 cm-1 had S/N of 11. The C-C stretch at 869 cm-1 was also observed. 
 
In the LSPR region, the S/N slightly improved. Figure 7.25 shows the SER spectrum 
from a surface having 60 nm high silver structures recorded with ti = 10 seconds. 
Sample presentation condition were kept the same. The characteristic O-NO2 symmetric 
stretching mode at 1287 cm-1 had a S/N of ~ 22. The C-C stretch at 869 cm-1 and the C-
C-C deformation at 621 cm-1 were also present. 
 
Figure 7.24 Normal Raman spectrum of solid PETN and its SER spectrum of surface 
having 200 nm high silver structures, exposed to the headspace vapour. 
 
 
A surface with 40 nm high structures and the same conditions of sample presentation 
and Raman measurements showed similar results (figure 7.26). The S/N reduced to 18 
for the characteristic O-NO2 symmetric stretching mode at 1287 cm-1 but the C-C 
stretch at 869 cm-1 and C-C-C deformation at 621 cm-1 appeared stronger in the SER 
spectrum. 
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Figure 7.25 Normal Raman spectrum of solid PETN and its SER spectrum of 
headspace vapour from a surface having 60 nm high silver structures. 
 
Figure 7.26 Normal Raman spectrum of solid PETN and its SER spectrum from 
headspace vapour from a surface having 40 nm high silver structures. 
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7.7 Photo-desorption 
The adsorbed molecules on the SER-active surfaces may be dislodged from the surface 
if the photon energy of the laser is more than the binding energy of the molecules to the 
surface. The process is known as photo-desorption 49 and was discussed in Chapter 2. 
Experimentally, the process of desorption is very difficult to monitor during the SERS 
analysis, especially if a high power laser is being used (as in our case; 200 mW). The 
process depends not only upon the adsorption efficiency of the surface for the target 
molecule but also upon the molecular adsorption properties and the concentration of 
molecules adsorbed. At high laser power levels, the rate of desorption may become too 
high and cause the molecules to evaporate off the surface before any meaningful 
measurements can be made. Therefore, the study of the photo-desorption process may 
be possible when the desorption is a gradual process rather than being completed on the 
first interaction with the laser.  In the gradual process Raman signals can be monitored 
by recording consecutive spectra without changing the sample and equipment 
parameters. Each consecutive spectrum will then show the changes in concentration of 
adsorbed molecules as all the other variables remain the same.  
 
The photo-desorption process was experimented on using a quartz based substrate 
prepared with a 250 nm high silver structure (h), exposed to 10-2 M pyridine solution for 
10 seconds. SER spectra were recorded with ti = 10 seconds with 10 seconds gap in 
between the two consecutive spectra (for dark spectrum recording). Total of 52 spectra 
were obtained and analysed for the 990 cm-1 ring breathing mode peak intensity. The 
results showed that initially the peak intensity increased for up to 13 readings and then 
started to decrease to reading number 52. The twelve results of initial increase are 
shown in figure 7.27, where the lowest spectrum is the 1st and the 13th is the top most 
with the highest intensity.     
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Figure 7.27 SER spectra showing an initial increase in the peak intensity of the 
pyridine with the decrease in the quantity of adsorbed molecules. 
 
Likewise the desorption phase is shown in figure 7.28, in which the topmost is the 13th 
spectrum having the highest peak intensity and the subsequent spectra show decreasing 
intensity down to the 52nd reading at the bottom. 
 
 
Figure 7.28 SER spectra showing a decrease in the peak intensity of the pyridine 
with the decrease in the quantity of adsorbed molecules. 
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The results present a better picture when these spectra are observed together. Therefore, 
spectrum number 1, 6, 13, 21 ,31, 41 and 52 are shown in figure 7.29 and are marked 
from 1 to 7 respectively. Note that the peak intensity of the ring breathing mode at 990 
cm-1 increases from spectrum 1 to 3 and then decreases until it is a minimum in 
spectrum 7. The differences in peak intensity are the measure of the molecular 
concentration adsorbed on the surface.   Table 7.8 gives the peak intensity differences 
for the ring breathing mode at 990 cm-1 among the spectra shown in figure 7.29. These 
changes are directly related to the time of the laser exposure.    
 
 
Figure 7.29 Consective SER spectra of pyridine showing initial increase and 
subsequent decrease in the peak intensity due to desorption effect.  
 
Table 7.8 Some of the peak intensity changes due to the desorption of pyridine 
molecules from the SER surface. 
 
Index Spectrum # Laser exposure  (seconds) 
Peak intensity 
 (cps) 
Peak Intensity/ 
exposure time (cps/sec) 
 1 1 10 80.5 8.05 
2 6 60 116.9 1.96 
3 13 130 135.9 1.05 
4 21 210 129.7 0.62 
5 31 310 77.4 0.25 
6 41 410 52.4 0.13 
7 52 520 28.7 0.06 
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The table indicates that the intensity increases for a laser exposure of up to 130 seconds 
and then it starts to decrease for further increase of exposure up to 520 seconds. The 
trend is graphically shown in figure 7.30. With the experimental condition kept 
constant, these changes in the peak intensity are mainly related to the concentration of 
molecules adsorbed on the substrate. The initial increase might be due to the desorption 
of pyridine molecules that had saturated the surface, denying direct access to the 
molecules within the surface plasmon. After 130 second exposure the number of 
molecules adsorbed on the surface is likely to be the maximum possible that could give 
the best Raman intensity. Thereafter, the number of molecules started to decrease with 
every laser exposure until very few molecules remain adsorbed on the surface after 520 
seconds of exposure. Complete removal of molecules was not achieved even after 520 
seconds of a 200mW laser exposure.      
 
 
Figure 7.30 The initial increase and subsequent decrease in the peak intensity of the 
pyridine vapour adsorbed on a SER surface (quartz-based substrate) with 
the increase in duration of laser exposure. 
 
The desorption process is likely to follow the trend shown in the last column of table 
7.8. There is a change in the Raman intensity with the exposure of the surface to the 
laser. Figure 7.31 shows the desorption of molecules adsorbed on the surface (in terms 
of the decreasing Raman intensity) with the increasing laser exposure. The results show 
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that the desorption process slowed down with the decrease in the number of adsorbed 
molecules on the surface. It is likely that the first layer molecules have greater force of 
adsorption than the subsequent layers and became difficult to dislodge.  
 
Figure 7.31 The removal of pyridine molecules from the quartz-base surface shown 
in term of decreasing Raman intensity with the increasing exposure to 
the laser radiation. 
    
7.8 Heat desorption 
Desorption of the analyte molecules adsorbed on the SER-active surfaces is an 
important property, especially for the reusability of the fabricated surfaces. Our 
experiments to observe desorption of molecules from the SER-active surfaces remained 
inconclusive. The major factor is that the progress of desorption could only be recorded 
by taking periodical Raman measurements, each of which required laser irradiation of 
the surface. Laser irradiation of the surface itself generated heat that might wholly or 
partially became responsible for the desorption of analyte molecules from the surface. 
The whole process becomes very complex where, at least, all the major factors that may 
contribute towards the desorption of molecules had to be separately evaluated and only 
the effect of heat could be measured. The desorption is an important aspect of SERS, 
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especially when considering the reusability of the fabricated surface. Therefore, it 
would remain an important research direction for any future endeavour. 
 
7.9 Summary  
The substrate preparation protocol used with ordinary glass substrates was found to be 
also suitable for quartz substrates with minor modifications. Larger domain sizes of 
arrays of silver nano-structures were comparatively easy to achieve with direct PNS 
assembly on a substrate than with those having silver underlayer. Surfaces produced by 
NSL on quartz-based substrates provide a high quality of SER-active surfaces that 
showed reproducibility with a very high sensitivity for detection of vapours from 
explosives. Surfaces fabricated with the heights of silver nano-structures from 40 to 300 
nm were found to have similar shape and size. Surfaces with the height of the nano-
structures within the predicted region that support LSPR  showed some evidence of 
further enhancement in a few cases.   
 
Once the SER-active surface was fabricated, it could simply be exposed to the vapours 
from the explosive for detection. Such a system is favourable for detection of concealed 
explosives. The detection of explosives at trace level was possible with single scan of 
10 seconds (or less) without the need for long time data averaging to increase the S/N. 
The concentration of PETN molecules in the headspace at equilibrium vapour pressure 
was around 18 ppt. The headspace concentration at equilibrium vapour pressure for both 
peroxide explosives; TATP and HMTD was around 70 ppm and 0.29 ppm respectively.  
 
Experiments conducted to evaluate the possibility of desorption of molecules from the 
SER-active surface by laser irradiation showed that the Raman intensity from the 
adsorbed molecules decreased with the increasing laser exposure. With all parameters 
kept constant, the Raman intensity gave the direct measure of the number of molecules 
adsorbed on the surface. It also showed that the Raman intensity was lower than the 
maximum when the adsorbed molecules were more than an optimum number. 
Therefore, SER scatterings originating from the metal-molecule complex are maximum 
when first layer (or first few layers) of adsorbed molecules are being investigated. 
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8. CONCLUSIONS AND RECOMMENDATIONS 
 
 
8.1 Conclusions 
A protocol was conceived, developed and experimentally validated for the ultra-
sensitive detection of explosives with surface enhanced Raman spectroscopy. The 
explosives were detected in the open laboratory environment with a portable Raman 
spectrometer in 10 seconds or less time at trace level concentrations. The protocol for 
the preparations of an effective nano-structured surfaces and its use for SERS is 
considered to be suitable for field use without the need for any special sample 
preparation. Detection of explosives, pentaerythritol tetranitrate (PETN), hexamethylene 
triperoxide diamine (HMTD) and triperoxide triacetone (TATP), from their headspace 
vapour emanating from the solid samples, albeit having very low vapour pressure and 
molecular concentrations, has been demonstrated.  
 
In this research the focus has been on the fabrication of SER-active surfaces as in the 
case of a typical SERS work. The structures prepared with the nanosphere lithographic 
(NSL) process, on both glass and the quartz substrate, were found to give the desired 
enhancement in Raman scatterings. The characterisation of glass-based surfaces showed 
a very high background noise that prevented any useful analysis. But its modification 
with a thin silver layer before or after the PNS application was found to reduce the 
background noise to a workable S/N. Both modifications had their down sides, the 
former for difficulty in achieving monolayer of nanospheres due to the decreased 
hydrophilic nature of the silver coated surface and the latter for the reduction of sharp 
metal edges that are considered to be vital for sensitive SERS analysis. 
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Quartz-based surfaces, on the other hand were found to be free from these problems. 
After the initial difficulties of monolayer application of PNS were overcome, these 
surfaces were morphologically similar to the basic glass-based surfaces and much better 
in reproducibility, enhancement and ease of fabrication. These surfaces were finally 
used for the explosive vapour detection. 
 
Both the glass and the quartz-based surfaces were found to show very high 
enhancement in Raman scatterings. Pyridine and nitrobenzene could be detected by 
exposing the surface to their headspace vapour for as short a time as 10 seconds in 
ambient conditions. Headspace vapours from explosives were also detected using both 
glass and quartz-based surfaces. PETN with a very low vapour pressure had a molecular 
concentration of 18 ppt in the headspace vapour, whereas, HMTD and TATP were 
detected with headspace concentrations of 0.29 ppm and 70 ppm respectively. The 
detection of these explosives in the vapour phase within 10 seconds of analysis was 
possible with a very high enhancement mechanism presented by SERS. Such a fast and 
sensitive detection of explosives by a portable system shows the immense potential of 
the technique in field applications.  
 
The performance of SER-active surfaces prepared with the NSL method was far 
superior to the surfaces prepared with other techniques discussed in chapter 5. Acid 
etching of silver slabs also produced surface morphology that supported SERS. Such 
surfaces had structures with height ranging approximately from 300 nm to beyond 1000 
nm depending upon the duration of etch. PETN was detected when a small amount of 
PETN solution (0.5% in acetone) was put on an etched slab. The SER spectrum of 
PETN was recorded on the slab’s surface after the solvent evaporated and the surface 
was washed with tri-distilled water (TDW) for any residues on the surface. Thin silver 
films on glass surfaces remained smooth in all the roughening techniques used. 
However, when such a surface was drop coated with a small quantity of PETN solution 
(1% in acetone or butanone), the surface morphology showed extensive roughness in 
the 300-600 nm region, making the surface SER-active. PETN was detected from such a 
surface after the solvent had evaporated.  
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The work on the parallel surface fabrication technique using metal colloids was found to 
be very sensitive. Metal colloids were prepared with both silver and gold salts with 
three different techniques. Pyridine was detected at the concentration of 10-11 M using 
the gold colloids. Although this technique was found to give very high enhancement 
with quantifiable parameters of detection, the long analysis time, extensive sample 
preparation and sensitive methods of fabrication precluded its use for field applications. 
Nevertheless its application in ultra sensitive chemical analysis within the laboratory 
cannot be ignored. 
 
The high sensitivity of SERS for detection of explosives has been demonstrated and has 
also been supported by the published work. Further enhancement in the SERS was also 
found to be possible with the introduction of the resonance effect. The process becomes 
laser wavelength dependent and is possible when it coincides with either the surface 
plasmon of the metal surface or is near an isolated absorption line of the analyte or both. 
The technique of SERRS is expected to be more sensitive than the normal SERS but 
then a setup has to be either surface plasmon specific or the analyte specific.  
 
Both the possibilities for above perspective were experimentally evaluated. The 
resonance Raman of PETN explosive showed the enhancement in the Raman intensity 
by using the incident laser wavelength in the near resonance region. The enhancement 
of up to a factor of 7 was observed in the Raman intensity for less than 60 nm change in 
the laser wavelength in the mid resonance region of PETN.    
 
 
8.2 Recommendations for future work 
The field of surface enhanced Raman spectroscopy is still an active research field with 
many of its aspects not clearly explained so far. Therefore, much can be done for further 
exploitation of this technique that is otherwise well known for its potentialities in 
sensitive chemical analysis.  
 
• Local surface plasmon resonance (LSPR) excitation of the fabricated SER-
surface is believed to play an important role in defining the limits of sensitivity. 
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The fabrication and characterisation of the surfaces configured to a specific laser 
wavelength to be used is likely to unleash the full potential of the SERRS 
technique. 
 
• In any experiment with SER-active surfaces where the molecules from the 
headspace vapour are being used as analyte, the precise calculation of the 
number of molecules responsible for Raman scattering becomes very complex. 
If the whole process is calibrated to calculate the enhancement factor for Raman 
intensity of a given SERS setup, an approximate quantification system can then 
be developed to predict the molecular concentration. 
 
• The reusability of the SER-active surface would eliminate the need for 
fabricating a large number of surfaces for replacement after each use and save 
the precious time needed for their replacement for a new analysis. Thermal or 
photo desorption processes are simple techniques that have shown the capability 
of dislodging an adsorbed species from the metal surface.     
 
• The high sensitivity afforded by the SERS technique allows analysis of chemical 
compounds at very low concentrations. A further increase in sensitivity is 
possible by selecting a laser in the near resonance region of the adsorbed 
molecule. For a SERS system being designed for the detection of specific 
explosives, the sensitivity can be further improved using the SERRS process by 
carefully selecting the laser line.  
 
• The inherent geometrical defects in the SER-active surfaces fabricated with the 
NSL process limits the size of the defect-free domains to a few square microns. 
The use of a standard background for subtraction is therefore not possible, 
especially when using the laser having a diameter of ~0.1 mm. The possibility of 
standardising the background by increasing the defect-free domain and by using 
Raman microscopes to target that region, might enable the S/N to be increased 
with further reduction in the time of analyses. 
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APPENDIX A 
Summary of work done on Raman spectroscopy of explosive materials 
Explosives Excitation laser line 
FTR/ 
Dispersive 
Detector 
type Sample type Remarks 
Ref / 
Year 
HMX, TATB 532nm Dispersive ICCD Bulk, liquid Suitable for only non fluorescent explosives 32/ 2005 
23 samples 785nm 830nm Dispersive CCD Bulk Useful for identification of bulk explosives 
22/ 
2005 
10 samples 1064nm Dispersive Ge diode 
array Bulk 
Fluorescence free region but low S/N due to weak Raman 
Intensity 
21/ 
2005 
26 samples 1064nm Dispersive CCD Bulk Fluorescence free region and sensitive detector but weak Raman Intensity due to anti stokes. Good for characterisation. 
14/ 
2004 
11 samples 785nm Dispersive CCD 1.5-14% by 
mass in soil 
Fluorescence due to soil gives poor S/N for weak Raman 
intensities 
20/ 
2001 
TNT, RDX, 
PETN 532nm Dispersive ICCD Bulk 
Identification from 60 meters for non fluorescence material has 
been demonstrated 
17/ 
2005 
NC, PVN, 
BAP 514.5nm Dispersive CCD Bulk 
Energetic polymers have been characterised by Raman 
spectroscopy 
33/ 
2003 
TNT, RDX, 
HMX,NQ 514.5nm Dispersive PMT Bulk 
AOTF based Raman spectrometer works from UV to IR but has 
low sensitivity for detection work 
34/ 
2000 
30 samples 
632nm 
785nm 
1064nm 
Dispersive/ 
FTR 
CCD/ 
GaAs Bulk 
785nm with CCD is better choice for detection work. FTR is good 
for characterisation and building a spectral data library. 
15/ 
1995 
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APPENDIX  B 
Summary of reported results on Surface Enhanced Raman Spectroscopy 
SER- 
active 
material 
Substrate Method 
Roughness 
Dimension 
(nm) 
Excitation 
Line 
(nm) 
Analyte 
Analyte 
Concentration 
(M) 
Environment 
solid/ liquid 
Raman 
System Remarks 
Ref/ 
Year 
 
Ag 
colloid 
N/A Lee & Meisel81 
200 
15-40 
particles 
 
830 
R6G & 
Crystal 
voilet 
 
10-12 – 10-14  
 
solution 
Raman 
Microscope 
& CCD 
The concentration of colloid was 
10-11 as compared to 10-14 of analyte 
which lead to single molecule 
detection. 
39/ 
1998 
 
Ag 
colloid 
N/A Lee & Meisel81 - 
1064 
647.1 
514.5 
488 
lucigenin  10-4  
 
Solution 
FTR Bruker, 
Jobin.Yvon 
U-1000 
 
Adsorption and orientation of 
analyte in presence of anions (Cl-) 
has improved resulting in the SERS 
enhancement. 
69/ 
2002 
 
Ag 
colloid 
N/A Creighton82 - 1064 514.5 
Cytosine, 
methyle-
cytosine 
 
10-6  
 
solution 
FTR Bruker, 
Jobin.Yvon 
U-1000 
Presence of HCl and NaCl (Cl-) 
resulted in better adsorption. Low 
pH gave higher SERS by changing 
the particle coverage. 
55/ 
2000 
 
Ag 
colloid 
N/A 
Lee & 
Meisel81, 
 
67 particles 1064, 785 
Amin-
acridine 
 
10-6  
 
solution 
FTR Bruker 
FRA, 
Kaiser HLR 
5 
 
In comparison the Hydroxylamine 
reduced Ag colloids were found to 
be better than citrate in morphology 
and in ‘hot spots’. 
70/ 
2003 
 
Ag 
colloid 
N/A 
Lee & 
Meisel81, 
 
10-50 
particles 
1064 
 
di-
methyle-
cytosine 
 
10-5  
 
solution 
FTR Bruker 
FRA 
Optimised morphology for Ag 
colloids can be achieved by 
modifying Ag concentration. 
56/ 
2000 
 
Ag/ Au 
colloids 
 
Ag on Au, 
Au on Ag 
 
Lee & 
Meisel81 
Ag 40-50 , 
Au 10-15  
1064 
457.9 
514.5 
488  
 
Pyridine 
 
10-2 
 
solution 
FTR Bruker, 
Jobin.Yvon 
U-1000 
 
Coated colloids did not exceed the 
enhancement offered by Ag alone. 
Au colloid only work in longer 
wavelength. 
63/ 
2000 
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SER- 
active 
material 
Substrate Method 
Roughness 
Dimension 
(nm) 
Excitation 
Line 
(nm) 
Analyte 
Analyte 
Concentration 
(M) 
Environment 
solid/ liquid 
Raman 
System Remarks 
SER- 
active 
mater
ial 
 
Ag 
colloids 
N/A 
 
Lee & 
Meisel81 
 
52  particle 
 
532  
 
R6G 0.1-125x10
-9
 M  
solution 
Pro 275, 
CCD 
Detection of signal from a single 
molecule is possible at even higher 
molecular adsorption, as only few 
molecules contributed to SER 
spectra. 
71/ 
2005 
 
Ag 
colloids 
N/A 
 
Lee & 
Meisel81 
 
30  particles 
CW532 , 
Pulsed 529 
 
Dye 
ABT. 
DMOPA 
 
10-6  
 
solution 
Spex 
triplemate, 
CCD 
For SERRS, the use of CW laser 
was found to be much better than 
using pulsed laser as it tended to 
degrade the Ag-analyte bond, 
decomposition of Ag particles and 
thus giving poor SER signal. 
67/ 
2005 
 
Ag 
colloids 
N/A Leopold and Lendle70 - 1064 , 785 
Polycyclic 
hydro 
carbons 
(PAH) 
 
10-4 
 
solution 
FTR Bruker, 
Renishaw 
Raman 
Microscope 
Adsorption of hydrocarbons on Ag 
colloids is possible after adding 
calyx-4-arenes. Likewise SERS is 
possible for other non adsorbing 
materials. 
 
68/ 
2004 
 
Ag 
colloids 
 
Mica 
Lee & 
Meisel81 
 
39.8   
 
514.5  
 
R6G 
 
10-14  
 
Solid 
Renishaw 
Raman 
Microscope 
 
Substrate giving easily reproducible 
and very high SER signal was 
demonstrated. 
72/ 
2004 
 
Ag nano-
wires 
 
glass 
 
Polyol 
process 
 
100  
diameter 
442  
488  
514.5  
633  
785  
 
R6G 
 
10-5  
 
Solid 
Renishaw 
In Via & 
Raman 
Microscope 
By isolating 100 diameter 
nanowires on glass, SERS and 
SERRS of R6G were recorded. The 
comparison of spectra confirmed 
that the use of longer wavelength 
gave better signal in ‘finger print’ 
region. 
73/ 
2005 
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SER- 
active 
material 
Substrate Method 
Roughness 
Dimension 
(nm) 
Excitation 
Line 
(nm) 
Analyte 
Analyte 
Concentration 
(M) 
Environment 
solid/ liquid 
Raman 
System Remarks 
SER- 
active 
mater
ial 
 
Ag layer 
40 nm  
diameter 
fibre-optic 
 
Coating 
 
150  
 
633  
 
triphenol 
 
10-3  
 
solid 
Renishaw 
Raman 
Microscope 
The system is complex and non 
reproducible with lower sensitivity 
range than other SERS active 
surfaces. 
 
74/ 
2004 
 
Au 
 
 
Glass 
 
Scratch 
 
100  
 
632.8  
 
Oxazine 
 
10-6  
 
solid 
Kaiser 
spectrograph 
and CCD 
Although the procedure simplifies 
substrate preparation, it is too crude 
to make reproducible uniform 
roughness in a pattern form. 
75/ 
2005 
 
Ag 
 
SiO2 & 
Glass 
Vapour 
deposited 
 
11  
 
568  
 
R6G  
 
solid 
Acton 300i, 
CCD 
Ag layer on SiO2 gives the required 
roughness for SERS enhancement. 
Ag- SiO2-Ag-glass gives even 
larger SERS signal. 
76/ 
2005 
 
Ag 
 
 
Glass  
sputtered 
 
50-100  
 
488  
 
Benzoic 
acid 
 
10-3 
 
solid  
AgO and Ag2O films on glass gave 
roughness in range of 50-100nm 
which gave good SERS. The films 
are reproducible. 
77/ 
2003 
 
Ag, Au 
Silicon 
wafer & 
rough 
 
coating 
25-30 , 
500-900  
 
632  
 
pyridine 
 
10-4  
 
solid 
Renishaw 
Raman 
Microscope 
The SERS of thinner layers, 5-10nm 
on silica gave better results due to 
small (25-30) nm cluster formation. 
 
78/ 
2005 
 
Ag 
Silicon 
wafer 
chemical 
deposited 
 
30  
 
514.5  
 
R6G 
Single 
molecule 
 
solid 
 
LabRam 
MicroRaman 
Very high sensitivity was achieved 
with hotspots at interstices between 
particles and at clefts. 
 
79/ 
2004 
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SER- 
active 
material 
 
 
Substrate Method 
Roughness 
Dimension 
(nm) 
Excitation 
Line 
(nm) 
Analyte 
Analyte 
Concentration 
(M) 
Environment 
solid/ liquid 
Raman 
System Remarks 
SER- 
active 
mater
ial 
 
Ag 
 
Rough 
Fibre optic 
 
 
Chemical 
deposited 
 
 
 
702  
 
Thio 
phenol 
 
10-3  
 
solid 
DILOR XY 
CCD 
 
Because of non uniform and higher 
roughness, the sensitivity was low. 
it could be useful because of its 
robustness and simple protocol for 
the preparation of substrate. 
62/ 
2004 
 
 
Ag 
 
Porous 
glass sputtered 5-10  632.8  R6G 10
-6M solid LabRam MicroRaman 
The substrate gave medium level 
SERS, as the signal is from sharp 
edges over the pores. For medium 
level SERS this is economical 
technique, both in efforts and 
money. 
61/ 
2005 
Ag - Etched 10-100  488  Amino 
acridine 10
-4
 solid 1680 B DS, PMT 
HNO3 etching is an old method of 
surface roughness, but it has many 
variables and uniform roughness 
was not always possible. 
64/ 
2000 
Ag Silica beads coating 
350-800  
diameter 632.8  
Benzoic 
acid 10
-7
 solid 
Renishaw 
Raman 
Microscope 
6nm layer of Ag over 565nm bead 
gave best results. SER-effect 
generated from the Ag particles size 
was not affected much by silica 
bead diameter. 
65/ 
2003 
Ag glass 
Polystyrene 
nanosphere 
lithography 
51   Strepta 
vidin 10
-11
 solid  
Highly uniform SER-active surface 
was prepared. The roughness 
features was increased by increasing 
Ag layer thickness 
80/ 
2002 
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APPENDIX C 
 
SPEX FluroMax, Spectrofluorometer 
It had following main features 
1. Source: 150W continuous Xenon lamp.  
2. Dispersion: 4.25 nm/mm. 
3. Spectrometers:f/3.2 plane grating Czerny-Turner type. 
4. Blazing wavelength of the grating: 350nm. 
5. Wavelength accuracy: ±0.5nm. 
6. Resolution: 0.3nm. 
7. Signal detector: Standard: Side on R1527P Photo multiplier tube (PMT), 
180-680nm response linearity to 4x106 cps, 100 counts/second. 
8. Reference Detector: Photodiode 200-980nm range. 
9. Sensitivity: 160000cps at 397nm peak, Ex at 350nm, Band-pass 5nm, 
integration of 1 second. 
10. Signal to noise ratio: 550/1. 
11. A standard PC controls the system. 
12. Sample Holder with built in frames for solid and in solution analysis. 
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APPENDIX D 
 
 
Perkin Elmer Lambda 9 UV/vis/NIR Spectrophotometer 
 
It has following features: 
 
1. Dual monochromator configured in series each having two gratings.  
2. Deuterium lamp to cover UV range. 
3. Tungsten-Halogen lamp to cover vis-NIR region. 
4. Fitted with side window photomultiplier for UV-vis wavelength. 
5. A PbS detector for NIR range. 
6. Resolution of 0.2 nm in UV-vis region and 0.8 nm in NIR region. 
7. Separate sample holders for solid and liquid. 
8. Wavelength range from 200-1000 nm. 
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Cintra-5 UV/vis Spectrophotometer 
 
It has following features: 
1. A double beam UV/vis spectrophotometer. 
2. Enables fixed point measurement (single wavelength, multi-wavelength, 
concentration photometric measurement). 
3. Wavelength scanning.  
4. Time scanning. 
5. Visionite Scan-Version 1.0 software. 
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APPENDIX F 
 
Custom built high-resolution Raman spectrometer 
It has following features: 
1. Spex 1404 double monochromator. 
2. Intensified Diode Array detector assembly. The diode array sensitivity was 
optimised in the UV-vis range of the spectrum, and its response is quoted to be 
15 photons per count. In Y-T scanning mode a selected portion of the diode 
array was grouped to provide a signal of lower resolution but of greater 
sensitivity. 
3. Detector was controlled by a matched (E G & G- type 1460) Optical Multi-
channel Analyser (OMA III). The data of each scan is stored on a computer disk, 
and although the OMA III is not IBM compatible, the data format has been 
converted to be acceptable to the MS-DOS system. 
4. SpectraPhysics 165 Argon ion laser was used in six wavelengths bands; 514.5, 
496.5, 488, 476.5, 465.8 and 457.9 nm.  
5. Scientech power energy meter was used to determine the power at the sample. 
6. Focusing lenses of focal length 5cm and collecting lens of focal length 24cm 
were used. All lenses were of 5cm diameter. 
7. Optics and sample holder were arranged for 900 collection of Raman scatterings.  
8. A standard blocking filter was used between sample and collecting lens. 
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Renishaw Raman microspectrometer RM2000  
It had following features: 
1. Choice of lasers with 514 nm and 785 nm excitation wavelength at Institute of 
Material Structures, Madrid, Spain.  
2. Laser with 832 nm excitation wavelength with system at Gloucester Royal 
Hospital, Gloucester. 
3. Research grade microscope with digital image capture capability.  
4. 100 cm-1 cutoff notch filter 
5. 5 cm-1 next cutoff filter for study of near-excitation bands. 
6. High Spectral/Spatial resolution.  
7. High sensitivity ultra-low noise RenCam CCD detector 
8. Powerful WiRE™ 2.0 software for intuitive operation and data manipulation 
9. Heating/Freezing stage 
10. Allows rapid, non-destructive chemical and structural analysis with easy or no 
sample preparation (solids, liquids, gases). 
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Ocean Optics Raman Spectrometer R-3000  
The Raman Systems R-3000 is a portable fully integrated Raman analyzer for spectral 
analysis of aqueous solutions, powders, and surface media.  
Main Features: 
1. Integrated System, includes diode laser, CCD-array spectrometer, fiber optic 
probe and operating software.  
2. It has spectral resolution of 10 cm-1, wavelength stability of 1 cm-1 and output 
stability of 4%.  
3. Fiber optic probe with accessories for calibration and focusing. The fiber length 
is 1 meter. 
4. R-3000 is fitted with an thermoelectrically cooled CCD array, which allows 
integration times of up to 4 minutes. The CCD is maintained at a constant 
temperature and has a wavelength range of ~200-2700 cm-1.  
5. Uses 785 nm (red) solid-state diode laser having an output power of 250mW that 
is stable enough for use with focused probes. 
6. Runs on RSIBase software.  
 
 
Holographic filter 
CCD 
Computer 
Fibre optic cable 
Sample 
Scattered light 
Diode 
Laser 
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MicroXAM 3D Interferometric Surface Profiler  
Main Features: 
1. MicroXAM non contact surface mapping microscope. 
2. Works with MapVUE software. 
3. Measures step heights from less than a nanometer (.001 micron, or 10 
Angstrom) up to millimeters. 
4. No stylus. 
5. True three-dimensional surface profiling measurements. 
6. Ultra-precise surface height sensitivity. 
7. Quantitative, visual and confocal modes using optical interferometry. 
8. Standard 2D and 3D surface statistics including summit and valley analyses.  
9. 3D wire, hybrid and solid plots.   
10. Optical microscope with eyepieces and video display of images.  
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Scanning Electron Microscopes 
The JEOL 840A SEM 
Main features:  
1. Variable accelerating voltage; 200 to 40,000V  
2. Variable probe current; 1x10E-8 to 1x10E-12 Amps  
3. Maximum sample size of 6" in any one dimension  
4. Working distances; 8 to 48mm  
5. Sample rotation; 360º  
6. Sample tilting 90º  
7. Variable magnification; 10x to 300,000x  
8. Maximum resolution; 10 nm  
9. Secondary and Backscattered Electron detectors  
10. Digital image capture and export in electronic form 
 
 
 
 
 
 
 
 
 
Appendix J – SEM 
 
 198 
 
LEO 435VP 
 
Main features: 
 
1. High-performance, variable pressure scanning electron microscope. 
2. Resolution of 4.0nm. 
3. Backscatter detector and enables Digital image acquisition.  
4. 5 axis computer controlled stage mounted in a specimen chamber measuring 
300 x 265 x 190mm and can accommodate specimens weighing up to 0.5kg.  
5. Standard automated features include focus, stigmator, gun saturation, gun 
alignment, contrast and brightness. 
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Magnetron sputtering equipment 
 
1. Reactive DC-Magnetron Sputtering equipment was used to coat silver films in 
an argon or argon–oxygen environment of closely controlled gas content.  
2. Gases were of high purity (99.9%). 
3. Target of 75mm diameter Silver disc (purity 99.9%) of 2mm thickness was 
purchased from Goodfellow Cambridge Limited.  
4. Turbo-pumped ultra high vacuum (UHV) deposition system was used to 
ensure very low impurity levels in the deposited films. 
5. The metal target disc was fixed in the sputtering chamber roof and substrate 
holder was in the bottom of the chamber.  
6. The substrate (on which the coating was desired) was subjected to high 
vacuum conditions of < 5x10-5 mbar before injecting Ar gas raising the 
pressure to < 4x10-3 mbar.  
7. The temperature was controlled by internal heating plate (ambient to 4000C) 
and the substrates were continuously rotated during coating process.  
8. Chamber atmosphere could be changed by selecting the oxygen, hydrogen and 
nitrogen gases.  
9. The layers from 10nm to more than a micron could be put on different types of 
substrates at the rate of 0.2 to 2 nm/s. 
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Details for preparation of gold surfaces for SERS study by Nd:YAG (1064 nm) laser ablation 
Laser Power 
(m j) 
Number of 
shots 
Laser diameter  
(mm2) 
Laser focus Effect on the surface Microscope images 
59 5 2.5 Focussed  surface burned  
59 2 2.5 Focussed surface burned 
 
 
59 1 2.5 Focussed surface burned 
 
59 1 5 without Focusing lens No effect  
59 5 5 without Focusing lens No effect 
 
200 1 5 without Focusing lens No effect  
200 5 5 without Focusing lens Surface burned 
 
  201 
200 1 7 Sample placed 5 cm from 
focal point 
No effect  
200 5 7 Sample placed 5 cm from 
focal point 
No effect  
200 10 7 Sample placed 5 cm away 
from focal point 
0.1mm diameter 
hole in the surface 
 
200 10 8 Sample placed 6 cm from 
focal point 
surface burned  
200 5 8 Sample placed 6 cm from 
focal point 
surface burned 
 
 
200 1 8 Sample placed 6 cm from 
focal point 
Surface burned 
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1. Optical fused quartz, Vitreosil 077: 
 
a. Manufactured by flame fusion of naturally occurring high-purity quartz 
crystal.  
b. 25mm x 25mm x 1mm. 
c. Useful transmission range from <260 nm in the near UV through to >2000 
nm in the IR. 
d. Useful transmission range from <260 nm in the UV to >2 000 nm in the 
infrared. See graph below. 
e. Fluorescence (254nm excitation) blue/violet. 
f.  Typical trace elements in ppm: 
Al 15 
Ca 0.5 
Cr <0.01 
Cu <0.01 
Fe 0.1 
K 0.2 
Li 0.2 
Mn 0.01 
Na 0.1 
Nd 0.01 
Ti 1.3 
Y <0.1 
Zr 1.3 
OH 170 
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g. Typical external transmission  
 
 
 
2. Microscope slide glass 
  
 a. Super premium microscope slides from Fisher Scientific, Uk (Menzel-
  Glaser). 
 b. 75 mm x 25 mm x 1mm. 
 c. Light transmission (solar) is 91.3%. 
 d. Typical composition in percentage:  
 
SiO2 72.2 
Na2O 14.3 
K2O 1.2 
CaO 6.4 
MgO 4.3 
Al2O3 1.2 
Fe2O3 0.03 
SO3 0.3 
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Geometry of Silver Nano-structures 
 
The fabrication of SER active substrate by NSL method results in nano-structural array as 
shown in figure 6.6. This process results in the formation of a single array formed by the 
assembly of seven nanospheres and is described below.  
 
Figure 1 Configuration of a single silver structural array formed by the assembly of 
seven nanospheres. 
 
This structure array geometry is also described by Hulteen et al 97 in detail. We deduce for 
the nanospheres of diameter 500 nm will have the distance between any two adjacent 
structures  ‘D’ (centre to centre distance of two adjacent structures) of 288 nm and the 
average size of the structure ‘d’ (the length of the perpendicular bisector of largest inscribed 
equilateral triangle) of 116 nm. These are calculated as: 
 
Inter-structural distance ‘D’ is given as: 
      
       Nanosphere diameter (µm) 
              3  
 
D
d 
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   m288.0
3
5.0 µ=    or   288 nm 
 
Nano-structure size ‘d’ is given by: 
 Nano-sphere diameter (µm) x { 3  - 1 - 
3
1
 } x 
2
3
        
   0.5 x 0.233 = 0.116 µm    or  116 nm 
 
For further calculations consider that the entire surface is distributed into equilateral 
triangles of 500 nm length of each of its side formed by joining the centre point of each 
circle made by removing the nanosphere as shown in figure 2. Each of the equilateral 
triangles will have only one structure within its area.  
 
 
Figure 2 Configuration of uniform structural array divided into equilateral triangles 
of 500 nm length of each side. 
 
The area of the equilateral triangle would be: 
 
 = ( ) 3500
4
1 2
 
 = 108253.08 nm2 
 
= 1.08 x 105 nm2 
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Area of the laser spot 
 
 = 0.1mm2 
 = 1 x 1011 nm2 
 
Number of equilateral triangles (or structures) in one laser spot 
       Area of laser spot 
  Area of equilateral triangle 
 
 = 5
11
1008.1
101
×
×
 
 = 0.9 x 106 
 = ~ 1 million structures in the area of laser spot 
 
Approximate area of one structure can be calculated considering it has straight sides instead 
of curved so forming an equilateral triangle having perpendicular bisector ‘d’ 116nm and 
each side of length ‘a’. ‘c’ being half of ‘a’. 
 
Figure 3 An equilateral triangle being represented by a single structure having 
perpendicular bisector of 116 nm. 
 
 
d=116nm 
a 
a a 
c 
A 
B C 
D 
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Therefore  
  a = 2
3
116
×  
   = 134 nm 
  c = 67 nm 
Area of  ADC  = 67116
2
1
××  
   = 3886 nm2 
 
Area of ABC  = 7772 nm2 (Area of one structure) 
 
Area of structures within the laser spot; 
 
   = 
61017772 ××  nm2 
   = 
9107.7 ×  nm2  
 
Percentage area covered by structures within the laser spot 
 
   = 100
101
107.7
11
9
×
×
×
 
   = 7.7% 
Percentage area of exposed substrate within laser spot 
   = 92.3% 
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Raman and SER spectra of sample molecules discussed in Chapter 7.  
 
 
Figure 1 Raman and SER spectrum of PETN (ti=15secs) from a glass-based 
surface exposed to headspace vapour fabricated with 20 nm layer over 
250 nm high structures. 
 
  
 
Figure 2 Raman and SER spectra (ti = 10seconds) from a glass-based surface 
having 225 nm hight of nano-strutures with 20 nm silver overlayer when 
exposed to headspace vapour from HMTD.  
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Figure 3 Normal Raman spectrum of pyridine and its SER spectrum recorded 
from a quartz-based surface having 150 nm high structures exposed to 
the vapour from pyridine for 20 seconds. ti = 10 seconds. 
 
 
 
Figure 4 Normal Raman spectrum of pyridine and its SER spectrum recorded 
from a quartz-based surface having 80 nm high structures exposed to the 
vapour from pyridine for 10 seconds. ti = 10 seconds. 
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Figure 5 Raman spectrum of nitrobenzene and its SER spectrum from a quartz-
based surface with 250 nm structure height exposed to headspace vapour 
for 60 seconds recorded with Renishaw Raman Microscope. ti = 2 
seconds and 100 accumulations. 
 
 
 
Figure 6 Raman spectrum of nitrobenzene and its SER spectrum from a quartz-
based surface having 50 nm structure height exposed to headspace 
vapour for 20 seconds. Recorded with R3000 with ti = 10 seconds. 
 
 
0
50
100
150
200
250
550 750 950 1150 1350 1550
In
te
n
sit
y 
(ar
b.
 
u
n
it)
.
Raman spectrum
SER spectrum
Raman shift (cm-1) 
850 
1004 
1350 
0
5
10
15
20
25
500 700 900 1100 1300 1500
In
te
n
sit
y 
(ar
b.
 
u
n
it).
Raman spectrum
SER spectrum
Raman shift (cm-1) 
850 
1004 1350 
Appendix O – Raman and SER spectra 
 
 211 
 
Figure 7 Normal Raman spectrum of TATP and its SER spectrum recorded from a 
quartz-based surface prepared with 200 nm of sputtered silver layer 
exposed to the headspace vapour. 
 
 
Figure 8 Normal Raman spectrum of TATP and its SER spectrum recorded from a 
quartz-based surface prepared with 70 nm of sputtered silver layer 
exposed to the headspace vapour. ti = 10 seconds. 
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Figure 9 Normal Raman spectrum of TATP and its SER spectrum recorded from a 
quartz-based surface prepared with 50 nm of sputtered silver layer 
exposed to the headspace vapour. ti = 5 seconds. 
 
 
Figure 10 Normal Raman of HMTD and its SER spectra recorded from a quartz-
based surface with 250 nm silver structural height exposed to the 
headspace vapour of. ti = 10 seconds. 
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Figure 11 Normal Raman of HMTD and its SER spectra recorded from a quartz-
based surface with 225 nm silver structural height exposed to the 
headspace vapour of. ti = 10 seconds. 
 
 
Figure 12 Normal Raman of HMTD and its SER spectra recorded from a quartz-
based surface with 100 nm silver structural height exposed to the 
headspace vapour of. ti = 10 seconds. 
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Figure 13 Normal Raman of HMTD and its SER spectra recorded from a quartz-
based surface with 70 nm silver structural height exposed to the 
headspace vapour of. ti = 10 seconds. 
 
Figure 14 Normal Raman spectrum of solid PETN and its SER spectrum recorded 
from a quartz-based surface having 250 nm silver structural height, 
exposed to the headspace vapour. t I = 10 seconds. 
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Figure 15 Normal Raman spectrum of solid PETN and its SER spectrum recorded 
from a quartz-based surface having 225 nm silver structural height, 
exposed to the headspace vapour. ti = 10 seconds. 
 
 
Figure 15 Normal Raman spectrum of solid PETN and its SER spectrum recorded 
from a quartz-based surface having 80 nm silver structural height, 
exposed to the headspace vapour. ti = 10 seconds 
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